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Abstract 

The transition to renewable energy sources requires efficient and sustainable energy storage 

systems, such as green hydrogen produced by alkaline water electrolysis (AWE). To meet the 

rising demands, reducing cell potential and lowering manufacturing costs are crucial. The 

sluggish kinetics of the oxygen evolution reaction at the anode offers optimization potential by 

efficient electrocatalyst design. Here, electrochemical conditioning is a promising tool as it is 

easily applicable and versatile. Previously, electrochemical conditioning has already been 

used to study the oxide growth on Ni and Fe and to find a low-cost and highly active 

electrocatalyst from steel. However, the interplay of the conditioning and the Ni:Fe-ratio of the 

electrode, which is often stated as oxygen evolution reaction activity descriptor, is not fully 

understood yet. This raises the question of how activation, surface changes, and 

electrochemical conditioning parameters are correlated for a model electrode with a Ni:Fe ratio 

in the optimum regime, considering the influence of Fe from the electrolyte. Investigating this 

requires a suitable testing system. While reported analytical electrochemical flow cells with 

online downstream analysis (iEFCs) are valuable for studying activity and stability, their 

designs differ significantly from industrial setups, complicating knowledge transfer. 

This work addresses these challenges by designing an iEFC with 1 cm2 parallel electrodes to 

study the activity and stability of electrocatalysts simultaneously under industrially more 

relevant conditions. Simulation and experimental validation showed that the herein-designed 

iEFC enables a precise activity determination (Koutecký-Levich slope of >0.95) over a wide 

potential range and minimal dilution of reaction products with a restricted volume flow. The 

stability determination was proven by online monitoring of the electrode dissolution with peak 

smearing comparable to reported values. This advanced iEFC was used to study the 

electrochemical conditioning of Ni-(Fe)-based electrodes to enhance the oxygen evolution 

reaction performance. Systematic parameter variation revealed consistent activation trends 

across the tested materials, promising universal activation guidelines and suggesting a similar 

activation mechanism. These activation trends are suggested to result primarily from surface 

oxidation and enlargement, with Fe dissolution from Ni-Fe-based electrodes or rather Fe 

incorporation into Ni-based electrodes being linearly linked with the (hydr)oxide formation. This 

increased understanding of conditioning parameters, activation, and surface changes offers a 

framework for tailoring any (pre-)catalyst’s conditioning to maximize performance or induce a 

certain surface change. Finally, the enduring activation efficacy during long-term electrolysis 

at 100 mA cm-2 and relevance to industrially more relevant conditions was demonstrated, i.e. 

12 cm2 electrodes, application of a separator, 30 wt% KOH, 80 °C, and higher loads. This 

makes the technology, including in-situ (re)activation of electrodes, more viable for large-scale 

applications, helping to reduce cell potential and optimize the anode manufacturing. 

Overall, this work stresses the importance of conditioning in enhancing the OER performance 

and demonstrates how to improve the catalysts' effectiveness by tailoring oxides. 
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Zusammenfassung 
Der Übergang zu erneuerbaren Energiequellen erfordert effiziente und nachhaltige 

Energiespeichersysteme, wie z. B. durch alkalische Wasserelektrolyse (AWE) erzeugten 

grünen Wasserstoff. Um der steigenden Nachfrage gerecht zu werden, sind die Reduzierung 

des Zellpotenzials und die Senkung der Herstellungskosten von entscheidender Bedeutung.  

Die träge Kinetik der Sauerstoffentwicklungsreaktion (OER) an der Anode bietet Potenzial für 

eine Optimierung durch ein effizientes Elektrokatalysatordesign. Hier ist die elektrochemische 

Konditionierung ein vielversprechendes Werkzeug, da sie leicht anwendbar und vielseitig ist. 

In der Vergangenheit wurde die elektrochemische Konditionierung bereits eingesetzt, um das 

Oxidwachstum auf Ni und Fe zu untersuchen und um einen kostengünstigen und hochaktiven 

Elektrokatalysator aus Stahl herzustellen. Das Zusammenspiel zwischen der Konditionierung 

und dem Ni:Fe-Verhältnis der Elektrode, das häufig als Aktivitätsdeskriptor für die 

Sauerstoffentwicklungsreaktion angegeben wird, ist jedoch noch nicht vollständig verstanden. 

Dies wirft die Frage auf, wie Aktivierung, Oberflächenveränderungen und elektrochemische 

Kondi-tionierungsparameter für eine Modellelektrode mit einem Ni:Fe-Verhältnis im optimalen 

Bereich korreliert sind. Dabei soll der Einfluss von Fe aus dem Elektrolyten berücksichtigt 

werden. Um dies zu untersuchen, ist ein geeignetes Testsystem erforderlich. Zwar sind 

analytische elektrochemische Durchflusszellen (EFCs) mit Online-Downstream-Analyse 

(iEFCs) für die Untersuchung von Aktivität und Stabilität wertvoll, doch unterscheiden sie sich 

erheblich von industriellen Anlagen, was den Wissenstransfer erschwert. 

Die vorliegende Arbeit befasst sich mit diesen Herausforderungen, indem sie eine iEFC mit 

parallelen 1 cm2-Elektroden entwickelt, um gleichzeitig die Aktivität und Stabilität von 

Elektrokatalysatoren unter industriell relevanteren Bedingungen zu untersuchen. Simulation 

und experimentelle Validierung haben gezeigt, dass die hier entworfene iEFC eine präzise 

Aktivitätsbestimmung (Koutecký-Levich Steigung von >0.95) über einen breiten 

Potenzialbereich und eine minimale Verdünnung der Reaktionsprodukte bei einem begrenzten 

Volumenstrom ermöglicht. Die Stabilitätsbestimmung wurde durch die Online-Überwachung 

der Elektrodenauflösung mit einer Spitzenverschmierung nachgewiesen, die mit 

Literaturwerten vergleichbar ist. Diese fortschrittliche iEFC wurde zur Untersuchung der 

elektrochemischen Konditionierung von Elektroden auf Ni-(Fe)-Basis verwendet, um die 

Leistung der Sauerstoffentwicklungsreaktion zu verbessern. Eine systematische 

Parametervariation ergab konsistente Aktivierungstrends bei allen getesteten Materialien, was 

universelle Aktivierungsrichtlinien verspricht und auf einen ähnlichen 

Aktivierungsmechanismus hindeutet. Es wird angenommen, dass diese Aktivierungstrends in 

erster Linie aus der Oberflächenoxidation und -vergrößerung resultieren, wobei die Fe-

Auflösung aus Ni-Fe-basierten Elektroden bzw. der Fe-Einbau in Ni-basierte Elektroden linear 

mit der (Hydr)oxidbildung verbunden ist. Dieses bessere Verständnis der 

Konditionierungsparameter, der Aktivierung und der Oberflächenveränderungen bietet einen 

Rahmen für eine maßgeschneiderte Konditionierung eines beliebigen (Vor-)Katalysators, um 

dessen Leistung zu maximieren oder um eine bestimmte Oberflächenveränderung zu 

bewirken. Schließlich wurde die dauerhafte Wirksamkeit der Aktivierung während der 

Langzeitelektrolyse bei 100 mA cm-2 und die Relevanz für industriell relevantere Bedingungen 

nachgewiesen, d. h. 12 cm2 Elektroden, Verwendung eines Separators, 30 Gew.-% KOH, 

80 °C und höhere Belastungen. Dies macht die Technologie, einschließlich der in-situ (Re-) 

Aktivierung von Elektroden, für großtechnische Anwendungen praktikabler. Die 

elektrochemische Konditionierung hat so das Potential, das Zellpotenzial der alkalischen 

Wasserelektrolyse zu verringern und die Anodenherstellung zu optimieren. 

Insgesamt unterstreicht diese Arbeit die Bedeutung der Konditionierung für die Verbesserung 

der OER-Leistung und zeigt, wie die Wirksamkeit der Katalysatoren durch maßgeschneiderte 

Oxide verbessert werden kann.  



 

IX 

 

Glossary 

Abbreviations 

ac Alternating current 

ads Adsorbed 

aq Aqueous 

AWE Alkaline water electrolysis 

BW Bandwidth 

CE Counter electrode 

CF Circular flow 

CP Chronopotentiometry 

CV Cyclic voltammetry 

dc Direct current 

EDX Energy Dispersive X-ray Spectroscopy 

EFC Electrochemical flow cell 

EIS Electrochemical impedance spectroscopy 

EPDM Ethylene propylene diene monomer rubber 

eq. Equation 

FTacV Fourier Transform alternating current Voltammetry 

FT Fourier Transform 

FTIR Fourier Transform Infrared Spectroscopy 

GC Glassy carbon 

HER Hydrogen evolution reaction 

ICP-OES Inductively Coupled Optical Emission Spectroscopy 

iEFC In-situ electrochemical flow cell for online electrolyte monitoring (by e.g. ICP-

OES) 

IFT Inverse Fourier Transform 

IL Integration limit 

KL Koutecký-Levich 

LSV Linear sweep voltammetry 

M Metal 



 

X 

 

n.a. Not applicable 

O(*) (Adsorbed) oxidized species 

OER Oxygen evolution reaction 

OCP Open circuit potential  

PEEK Polyether ether ketone 

PP Polypropylene 

PTFE Polytetrafluoroethylene 

PVC Polyvinylchloride 

R(*) (Adsorbed) reduced species 

RE Reference electrode 

redox Reduction-oxidation 

ref. Reference 

RHE Reversible hydrogen electrode 

RT Room temperature 

SFC Scanning flow cell 

SEM Scanning Electron Microscopy 

SHE Standard hydrogen electrode 

SP Single-pass 

Temp. Temperature 

WE Working electrode 

XPS X-ray photoelectron spectroscopy 
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Symbols 

Symbol Meaning Unit 

α Charge transfer coefficient - 

a 1st Empirical parameter (saturation of oxide 

charge with number of cycles) 

C 

A Electrode surface area m2 

b 2nd Empirical parameter (saturation of oxide 

charge with number of cycles) 

cycle-1 

B Number of sine waves in FTacV (J in Python 

Code) 

- 

c Concentration mol L-1 = M 

Cdl Double layer capacitance F 

d Diameter m 

D Diffusion coefficient m2 s-1 

EF Fermi energy eV 

E Potential  V 

-E Electrochemical activation V 

η Overpotential V 

f Frequency  s-1 = Hz 

F Faraday constant A s mol-1 

F Volume force of the system (vector) N 

fs Sampling frequency s-1 = Hz 

G Quality parameter for the deviation of ikin,sim 

from ikin,input 

- 

h Planck constant J s 

I Unity matrix (vector) - 

I Current A 

I0 Exchange current A 

i Current density A m-2 

J Species flux mol m-2 s-1 

K Volumetric homogeneous reaction rate - 
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Symbol Meaning Unit 

k0 Reaction rate constant s-1 (1st order) 

L Length (of electrode/middle section in EFC) m 

μdyn Dynamic fluid viscosity Pa s 

NCV Number of CV cycles - 

N 2N = Data points in FTacV (N in Python code) - 

p Pressure Pa 

Q Oxide charge capacity C 

ρ Fluid density kg m-3 

R Universal gas constant J mol-1 K-1 

Ru Uncompensated resistance Ohm 

S Number of atoms (FTIR) - 

T Temperature K 

t Time s 

u Flow velocity field (vector) m s-1 

u0 Flow velocity (0: in the center of the channel) m s-1 

ν Scan rate V s-1 

z Number of electrons exchanged in the 

reaction 

- 
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1. Introduction 

Global warming urgently calls for a transition from fossil to renewable energy sources like wind, 

water, and solar power.[1,2] One of the biggest challenges is the time gap between the supply 

and demand of these renewable energy resources.[2,3] Thus, efficient energy conversion and 

storage systems are absolutely essential. One promising energy carrier is hydrogen, which 

can be sustainably produced by electrochemical water splitting into hydrogen and oxygen (see 

Figure 1.1).[4–6] The most mature electrochemical water splitting technology is the alkaline 

water electrolysis (AWE), which has been implemented for decades.[7] Compared to other 

electrochemical water splitting technologies, the advantage of the AWE is the possibility of 

using non-noble, earth-abundant electrode materials, enabling a more cost-effective and 

sustainable process.[6,8–10] 

Nevertheless, large-scale hydrogen production is still hindered by the sluggish kinetics of the 

anodic oxygen evolution reaction (OER).[2,5] Currently, coated Ni electrodes according to the 

dimensionally stable anode approach are the state-of-the-art electrodes for the alkaline 

OER.[11,12] Further improvements in the reduction of the cell potential, enabling high 

performance and stability at high current densities, and cost reduction in the manufacturing 

process are, however, of great interest.[13–15] By achieving a realistic target of 50 mV cell 

potential reduction at 10 kA m-2, the power consumption would drop by 2.5-3%, assuming a 

cell potential of 1.85 V.[16] Considering that power consumption is the largest cost contributor 

of the overall plant system with about 27%[14] and that immense amounts of electricity are 

required, this can have a significant impact. The potential of optimizing the electrode 

manufacturing becomes clear when considering that 50% of the overall AWE plant costs are 

due to the electrolyzer stack, from which the largest portion of 25% is due to the anode plus 

8% for the pre-electrodes.[13,14] This makes it crucial to develop a highly efficient, stable, and 

cost-effective electrode for the OER. 

 

Figure 1.1.  Schematic illustration of this thesis’ approach to address one of the challenges of sustainable hydrogen 
production by AWE. The intermittency of renewable resources requires energy storage systems, such 
as green hydrogen production by AWE with aqueous (aq) KOH electrolyte. Electrochemical 
conditioning is one promising and cost-efficient design method for active OER catalysts to improve the 
limiting OER kinetics. 

The research community has explored many different catalyst compositions, and among those, 

NiFeOxHy is reported to be one of the most active alkaline OER catalysts.[17–22] Earlier, NiOxHy 

electrocatalysts were regarded as benchmark non-noble metal OER catalysts. Nowadays, it 

is, however, known that the high activity of these NiOxHy electrocatalysts is due to the 

incorporation of Fe from the electrolyte.[17–22] The optimum Fe content and active site are, 

however, still discussed. The optimum Fe content is reported to be between 15-60 wt%.[17–22] 
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These NiFeOxHy can be synthesized by many different methods. For example, Ni-Fe layered 

double hydroxides can be produced by hydrothermal treatment,[23] precipitation method,[24] 

alcohothermal method,[25] and Ni-Fe-based oxides by evaporation induced self-assembly, hard 

templating, and dip-coating.[26] While promising activities have been reported for most of these 

syntheses, they often involve multiple steps, unfavorable process conditions such as high 

temperatures, complex ink-preparation, difficulty of scalability, and are resource intensive. 

Irrespective of the synthesis method, the surface structure is the critical factor affecting 

catalytic activity. This surface cannot only be tuned by the synthesis but also by conditioning a 

(pre-)catalyst electrochemically (see Figure 1.1). Often untailored electrochemical conditioning 

is already used in addition to the existing synthesis procedure.[23–26] However, tailored 

conditioning of (pre-)catalysts or bulk metals could save cost- and labor-intensive catalyst 

synthesis steps. It can be simply added to existing preparation procedures to exploit the 

electrocatalyst’s full potential or tailor a certain surface change. Further, it can substitute a 

certain preparation step, or it can be performed as a stand-alone technique with bulk metal 

electrodes. Since electrochemically conditioned electrodes do not require any post-treatment, 

this technique can be applied to activate and reactivate electrodes. This way the electrode 

lifetime could be prolonged. Further, electrochemical conditioning is a very versatile technique 

as process parameters such as conditioning parameters, electrolyte concentration, 

temperature, and additives can be adjusted. Going one step further, electrochemical 

conditioning might even be applicable in-situ in the electrolyzer as part of the ramp-up 

procedure, making the electrode manufacturing even simpler.  

Previous works by primarily one research group have already systematically studied the effect 

of conditioning by cyclic voltammetry (CV) on the oxide growth of Ni and Fe. It was suggested 

that the oxide growth improves the electrode activity by enlarging the active surface area for 

the OER. These studies, however, only showed little spectroscopic evidence and did not 

consider the effect of Fe incorporation from the electrolyte or Fe dissolution at the 

electrodes.[12,27–29] As a different application of electrochemical conditioning, conditioned steel 

electrodes were recently explored as cost-efficient and highly active electrocatalysts. In this 

context, primarily constituent dissolution was suggested to cause the activation.[30–33] This 

dissolution behavior was proposed to be assessable by the Ni:Fe ratio. The lower the Ni:Fe 

ratio, the higher is supposedly the dissolution.[34,35] Summarizing, the studies presented on 

electrode conditioning concentrated on understanding the oxide growth on Ni and Fe and 

designing a steel-based electrocatalyst with high activity. Nonetheless, there is yet the need 

for a systematic correlation between electrode activation, analytically characterized surface 

changes, and electrochemical conditioning parameters for a model electrode with an optimal 

Ni:Fe ratio under consideration of Fe incorporation and dissolution. 

To do so, a suitable system to analyze the activity and stability of the electrocatalysts is 

required. In the past few years, the combination of electrochemical flow cells (EFCs) with online 

downstream electrolyte analysis has become increasingly important in electrocatalysis, 

enabling simultaneous assessment of electrocatalytic activity and stability.[36–39] However, the 

reported EFCs, which have been used for this so far, are far from the conditions in industrial 

electrolyzers regarding channel and flow geometries, electrode size, and current distribution 

at the electrodes. Consequently, the knowledge obtained from these analytical EFCs requires 

careful reconsideration when translating it to industrial-scale processes. This stresses the need 

to develop an EFC, which can be linked to online electrolyte monitoring and with which the 



1   Introduction 

 

 

3 

activity of electrocatalysts can be precisely determined under industrially more relevant 

conditions. 

These challenges are tackled in this work in three steps. First, an EFC is designed for online 

electrolyte monitoring and simultaneous precise activity determination at industrially more 

relevant conditions compared to previously reported EFCs in this field (i.e. 1 cm2 planar parallel 

electrodes). With this EFC, the conditioning of Ni- and Ni-Fe-based electrodes with Ni:Fe ratios 

in the optimum regime (10-30 wt%) is systematically investigated by correlating the 

electrochemical conditioning parameters, surface changes, and activation. Lastly, 

electrochemical conditioning as an anode preparation technique is scaled up from 1 cm2 to 

12 cm2 and tested as a proof-of-concept under industrially more relevant conditions (i.e. 

12 cm2, separator, 30 wt%, 80 °C) to get one step closer to industrial application. Overall, this 

work assesses the potential of electrochemical conditioning as an anode manufacturing 

technique for the AWE.  
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2. State of the Art 

For the production of green hydrogen by AWE, electrocatalysts are required to maximize the 

OER performance. Therefore, the following chapter 2.1 explores how the activity of an 

electrocatalyst can be determined. In chapter 2.2, promising OER catalysts, such as Ni-, Fe-, 

Ni-Fe-, and steel-oxides, are evaluated. 

2.1. Determining Electrocatalytic Activity 

For many decades now, the rotating disk electrode (RDE) has been one of the standard tools 

to study electrocatalytic activity. Its major advantage is the highly controllable and 

homogeneous mass transport over the electrode. This results in a uniformly accessible 

electrode, where the reactant flux is the same at any point on the electrode. This is not only 

essential for controlled and homogenous mass transport of products and educts, but also of 

other additives and impurities, which might influence the reaction. It is, however, especially 

important when studying reactions, which become mass-transport-limited with increasing 

potential. This occurs e.g. when the reactant concentration is limited. On the contrary, the 

limitation by the reactants’ mass transport is neglected for the alkaline OER since that is 

minimal due to the high availability of hydroxide ions. In the case of a mass-transport-limited 

reaction, the defined mass transport and the uniform accessibility of the RDE allow 

experimental determination as well as analytical estimation of the reaction kinetics in the 

mixed-kinetic-mass-transport-dominated regime.[38,40] For this, the Koutecký-Levich (KL) 

equation can be applied:[41]  

1

𝐼
=

1

𝐼kin
+

1

𝐼lim
 

(2.1) 

with the overall current I, kinetic current Ikin, and mass-transport-limited current Ilim. 

Apart from the controllable and uniform mass transport and the precise determination of the 

reduction-oxidation (redox) reaction kinetics, the RDE, however, shows certain disadvantages. 

Besides the complex and error-prone sample and cell preparation, the limitation to small 

electrode sizes, and incompatibility with industrially relevant conditions, a major drawback is 

its batch nature, which prevents integration with downstream online analysis.[6,38,40] 

Online downstream analysis of the electrolyte becomes significantly essential when studying 

the electrode stability as it allows the monitoring of electrode dissolution. Thus, coupling EFCs 

with online downstream analysis of the electrolyte has been established as a tool in 

electrocatalysis to study simultaneously electrocatalytic activity and stability.[36–39] However, 

analyzing the reaction kinetics in EFCs according to the KL relation is more difficult due to the 

complex mass transport. There are many different approaches to describe convective mass 

transport problems in electrochemical reactors depending on the reactor and electrode design 

and the flow conditions. Detailed descriptions and derivations for classical convective mass 

transport problems can be found in the work from Pickett.[42] For a fully developed laminar flow 

with steady-state conditions, the average mass-transport-limited current Ilim over the electrode 

in an EFC with planar, parallel, short electrodes of finite width can be approximated for first-

order reaction kinetics by equation (2.2):[42] 

𝐼l̅im =  𝑤 ⋅ 𝑧 ⋅ 𝐹 ⋅ cel ⋅ 𝐴 ⋅ 𝐷
2
3 ⋅ 𝑢0

1
3 

(2.2) 
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with electrons exchanged in the reaction z, the Faraday constant F, concentration of active 

species in electrolyte c, electrode surface area A, diffusion coefficient D of the reactive species, 

geometry-dependent constant w, and the fluid velocity u0. Short electrodes refer to a small ratio 

of the electrode length in the flow direction to the distance between the electrodes. As a point 

of reference, a ratio of 10 is considered comparatively small.[42] The geometry constant for 

channel electrodes has been reported differently throughout literature.[43–45] 

Plotting Ilim vs. u0
1/3 for different fluid velocities will result in a linear correlation, from which e.g. 

the diffusion coefficient of the reactive species can be determined. This is in analogy to the 

Levich analysis for the RDE, where Ilim is plotted vs. the square root of the rotation speed. Thus, 

plotting Ilim vs. u0
1/3 for different fluid velocities will herein be referred to as Levich analysis for 

EFCs. Note that equation (2.2) is only valid under the assumption of negligible axial mass 

transport in the direction of the flow, meaning Ilim is averaged over the electrode length. When 

considering the axial mass transport of the reactive species, a boundary layer forms, indicating 

a decreased reactant concentration compared to the electrolyte bulk due to axial mass 

transport. Due to the characteristic concentration gradient, this boundary layer will be referred 

to as the diffusion layer in the following. Imaging a small volume unit of reactants, the reactant 

concentration in this volume unit will deplete due to the consumption by the electrochemical 

reaction at the electrode while being transported along the electrode by convection. Thus, the 

boundary layer progressively grows along the electrode, approaching saturation, as can be 

seen in Figure 2.1. According to Fick’s law, the species flux is antiproportional to the diffusion 

layer thickness. Hence, the corresponding limiting current density decreases first rapidly and 

then more slowly over the length of the electrode.[46]  

 

Figure 2.1. Dependence of the limiting current density and the boundary layer on the electrode geometry in the 
presence of laminar flow. [adapted from [46] with permission from John Wiley and Sons] 

Even though an EFC does not feature a uniformly accessible electrode, Watanabe's group 

was the first to use the KL equation for an EFC.[47] In 2007, Engelhardt et al. also applied the 

KL equation to a tubular EFC with the working electrode (WE) mounted on the inner radius of 

the flow channel. They showed that the relation between the average current density and the 

limiting current precisely aligns with the KL relation for a one-step reaction of arbitrary order. 

This correlation was stated to be independent of the electrode length.[48] Later, Scherson et al. 

validated theoretically that the KL relation can be used with high precision for channel 

electrodes under certain conditions. They assumed a first-order heterogeneous electron 
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transfer, fixed cell geometry, electrolyte composition, and temperature. Under these 

conditions, the KL relation was demonstrated to be highly accurate, provided that the ratio of 

the first-order reaction rate constant k to the central fluid velocity u0 is low (very small values 

of k/u0
1/3). This corresponds to a slow redox reaction and a fast electrolyte flow. In Scherson’s 

study, the precision of the KL relationship was defined as the slope of the KL plot (1/I vs. 1/Ilim), 

which equals one for uniformly accessible electrodes (see equation (eq.) (2.1)). Scherson et 

al. suggested introducing a multiplication factor of 0.93 (= 7% deviation from one) for channel 

electrodes with very small values of k/u0
1/3. With higher values of k/u0

1/3, the deviation from one 

is anticipated to rise. Such a higher ratio of k/u0
1/3, due to e.g. a larger reaction rate, indicates 

that the diffusion limitation sets in earlier.[43] 

As a different approach for combining the advantages of continuous flow and uniform 

accessibility of the electrode, other groups designed flow cells with a nearly uniform limiting 

current across the electrode. Examples are the wall-jet flow cell,[49] the flow-type scanning 

droplet cell microscope,[50] the scanning flow cell (SFC),[40] and a specialized V-shaped EFC.[37] 

Overall, these analytical EFCs feature very small electrodes (0.08-0.5 cm2) and cell-specific 

electrolyte flow and positioning of the counter electrode (CE), which is typically not parallel to 

the WE.[40,50] These characteristics are in contrast to industrial electrolyzers for prominent 

electrosyntheses like the Chlor-Alkali[51] and water electrolysis.[52] Such electrolyzers consist of 

planar, parallel electrodes with a separator between the anode and cathode chamber and an 

electrolyte flow parallel to the electrode. The differences in electrolyte flow and cell geometry 

between the analytical EFCs and industrial electrolyzers can result in different mass transport 

to the electrode and dead zones. Thus, gas removal and accumulations of products, educts, 

or other additives might vary. This can not only influence product distribution but also electrode 

performance and stability. The cell-specific arrangement of CE and WE within analytical EFCs 

introduces an inhomogeneous current distribution at the WE, which changes the 

electrochemically active surface area and could induce inhomogeneous catalyst use and 

degradation. It becomes even more challenging when scaling up the electrodes. The larger 

the electrodes, the more pressure gradients, bubble curtains, or an increasing diffusion layer 

thickness along the electrode length become important.[46] Thus, when transferring knowledge 

gained in the analytical EFCs to an industrial scale, these analytical EFCs need to be 

questioned. 

To sum up, while attempts to analytically describe the mass transport in different EFCs have 

been made, these EFCs were not combined with online downstream analysis. Alternatively, 

the flow cells that can be both analytically described and used with online downstream analysis 

are not representative of industrial conditions. 

 

2.2. OER Catalysis 

For the alkaline OER, a common activity descriptor is the (over-)potential at a given current 

density or vice versa. In order to enhance the OER activity, a highly active electrocatalyst is 

required. The state-of-the-art electrode for the alkaline OER is a coated Ni electrode based on 

the dimensionally stable anode concept.[2,5] It is usually prepared by thermal decomposition of 

precursor metal salts. A predetermined mix of metal salts in the desired stoichiometry is 

dissolved with a solvent. This paste is painted on a metal substrate, the solvent evaporates, 

and finally, the electrode is annealed at a given temperature. This procedure can be repeated 

until a sufficiently thick coating of 1-5 mg oxide per cm2 is achieved. The annealing temperature 
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is very decisive for the electrocatalytic properties. The Tafel slope was reported to increase 

with increasing compactness of oxide, corresponding to a decreased OER performance.[12,27]  

Despite this being an established process, there is significant interest in further decreasing the 

cell potential, ensuring durable performance at high current densities, and optimizing 

manufacturing costs.[13–15] The optimization potential becomes apparent when considering that 

enormous electricity amounts are required to meet the global H2 demand by AWE, 27%[14] of 

the overall plant costs is due to the power consumption, and 12.5%[13,14] due to the anode incl. 

manufacturing.  

Thus, a lot of research has been conducted in the field of electrocatalyst design. One of the 

most efficient catalysts for the alkaline OER is reported to be NiFeOxHy, achieving optimal 

performance with an Fe content between 15 and 60 wt%.[8,10,17–22] Among the various 

techniques to synthesize this highly active NiFeOxHy, electrochemical conditioning of  

(pre-)catalysts or bulk metals is a promising tool due to its easy applicability and versatility, as 

discussed in detail in the introduction (chapter 1). Hence, electrochemical conditioning could 

significantly reduce the complexity and expense of catalyst production for the OER anode.  

As a first step toward understanding the electrochemical conditioning of Ni-Fe-based 

electrodes, the electrochemical surface processes of Ni and Fe in alkaline electrolytes and the 

interplay of Ni and Fe as OER catalysts are discussed in chapters 2.2.1-2.2.3. Chapter 2.2.4 

elucidates the oxide formation during electrochemical conditioning of Ni and Fe and the 

behavior of the formed oxides in the OER. Lastly, chapter 2.2.5 summarizes the developments 

in the electrochemical conditioning of steel electrodes, giving a first perspective on how 

electrochemical conditioning can be used as an efficient and cost-effective synthesis method. 

 

2.2.1. Electrochemical Processes on Ni 

In this chapter, the surface electrochemistry of Ni in alkaline electrolytes is elucidated by 

examining the redox transformations that occur at different potentials. Figure 2.2 shows three 

CVs of a bulk Ni electrode in 0.5 M KOH, identifying the redox processes of Ni between –0.15-

1.55 V vs. the reversible hydrogen electrode (RHE), recorded by Alsabet et al.[53] Scheme 2.1 

presents the associated redox reactions according to Lyons et al.[29]  

 

Figure 2.2.  CV profiles (current density i vs. potential E) at 100 mV s-1 for Ni in 0.5 M KOH at 20 °C. The red  
(–0.15-0.50 V), blue (–0.15-1.55 V, 1st CV), and black (–0.15-1.55 V, 10th CV) profile corresponds to 
the region of reversible formation of α-Ni(OH)2 (A1/C1), irreversible formation of β-Ni(OH)2+NiO, and 
reversible formation of β-NiOOH (A2’/C2’ or A2/C2), respectively. [adapted from ref. [53] with permission 

from Springer Nature]  



2   State of the Art 

 

 

8 

In Figure 2.2, the red CV in the low potential regime between –0.15-0.5 V identifies the redox 

peaks A1 and C1, which can be attributed to the Ni(0)/Ni(II) redox couple. Lyons et al. 

suggested that a layer of adsorbed (ads) hydroxy is formed on Ni (reaction-eq. 1.1), which is 

oxidized to Ni(OH)2 (reaction-eq. 1.2) and NiO (reaction-eq. 1.3), as seen in Scheme 2.1.[29] In 

contrast to this peak interpretation in Scheme 2.1 by Lyons et al., Alsabet et al. proposed that 

NiO forms irreversibly from Ni(OH)2 at intermediate potentials between 0.5-1-3 V vs. RHE.[53] 

At higher potentials between 1.2-1.5 V, the black and the blue CV in Figure 2.2 show the peaks 

A2/A2’ and C2/C2’, representing the redox transition Ni(II)/Ni(III) from Ni(OH)2 to NiOOH 

(reaction-eq. 2.1) according to Scheme 2.1.  

  

Scheme 2.1. Ni redox reactions, showing the oxidation of Ni(0) to Ni(II), present as Ni(OH)2 and NiO, and to Ni(III), 
present as NiOOH. Peak A1/C1: A layer of adsorbed (ads) hydroxy is formed on Ni, which is oxidized 
to Ni(OH)2 and NiO. Peak A2/C2 or A2’/C2’: Ni(OH)2 is reversibly converted to NiOOH.[29] 

The real interfacial (oxyhydr)oxide layer formation on Ni is, however, more complex as already 

indicated by the two redox peaks A2/C2 and A2’/C2’. Ni(OH)2 and NiOOH can be present in 

different phases, α-Ni(OH)2/γ-NiOOH or β-Ni(OH)2/β-NiOOH. One prominent model for the 

changes between the different Ni phases was developed by Bode, which can be seen in 

Scheme 2.2.[19,54]  

 

Scheme 2.2. Schematic Bode model for the phase changes of Ni(OH)2 and NiOOH. α-Ni(OH)2 converts irreversibly 
to β-Ni(OH)2 by aging. α-Ni(OH)2 is o idized reversibly to γ-NiOOH and β-Ni(OH)2 to β-NiOOH at the 
Ni(II)/Ni(III) redo  transition. By overcharging, β-NiOOH can be converted to γ-NiOOH.[53,54] 

Starting from Ni, α-Ni(OH)2 is formed when o idizing Ni mildly and β-Ni(OH)2 at moderate 

anodization, according to Alsabet et al.[55] The Bode model in Scheme 2.2 illustrates that the 

amorphous, hydrous α-Ni(OH)2 can convert irreversibly to crystalline, anhydrous β-Ni(OH)2, 

e.g. by aging. α-Ni(OH)2 is o idized reversibly to γ-NiOOH and β-Ni(OH)2 to β-NiOOH at the 

Ni(II)/Ni(III) redox transition. Lyons et al. suggested that the peaks A2/C2 correspond to the α-

Ni(OH)2/γ-NiOOH transition and A2’/C2’ to β-Ni(OH)2/β-NiOOH.[29] β-NiOOH can be converted 

to γ-NiOOH by overcharging. While this model is widely accepted, the questions of how γ-

  Ni(OH)2   NiOOH

  Ni(OH)2   NiOOH

  H2O   e 

  H2O   e 

  OH 

  OH 
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NiOOH forms and whether it serves as the active phase are still heavily discussed.[19,54,56] For 

example, Steimecke et al.[17] and Zhou et al.[57] proposed β-NiOOH as the active phase during 

the alkaline OER, while Angeles-Olvera et al.[56] suggested γ-NiOOH. 

Based on this, Figure 2.2 can now be explained in detail according to Alsabet et al.[53] The red  

(–0.15-0.50 V) CV corresponds supposedly to the reversible formation of α-Ni(OH)2. During 

the first CV between –0.15-1.55 V (blue CV), α-Ni(OH)2 is irreversibly converted to NiO and β-

Ni(OH)2, resulting in a layered structure of Ni, NiO, and β-Ni(OH)2. The black CV (–0.15-1.55 V, 

10th CV) indicates the reversible transformation between β-Ni(OH)2 and β-NiOOH.[53,55] When 

analyzing CVs of Ni, it needs to be considered that the A1/C1 redox features can be 

superimposed on a background current associated with a combination of adsorbed hydrogen 

oxidation and the formation of a layer of adsorbed hydroxyl species.[29,58] 

These redox features change under potential cycling depending on the potential window, scan 

rate, temperature, and KOH concentration. Different groups have reported systematic 

variations of one or multiple parameter(s).[29,53,55,58] An overview of the redox features of Ni and 

their dependencies on repetitive cycling, scan rate, pH, and temperature variation can be seen 

in Table 2.1. 

Alsabet et al. reported that upon cycling Ni between –0.15-1.55 V, the α-Ni(OH)2 formation A1 

and reduction C1 disappear with increasing transformation of α- to β-Ni(OH)2.[53] In contrast to 

this, Lyons et al. showed that the α-Ni(OH)2 formation is still visible in CV for a hydrous NiOOH 

thin film electrode on Ni (grown in 1 M NaOH, –0.53-1.6 V, 40 mV s-1), while the reduction is 

not.[29] Both stated that the Ni(OH)2 reduction peak C1 is only visible if the potential is reversed 

well below the OER onset potential (< 0.7 V vs. RHE), which restricts the phase transition of 

α-Ni(OH)2.[29,55] Lyons et al. suggested that the A1/C1 redox features could also be 

superimposed on a background current associated with a combination of adsorbed hydrogen 

oxidation and the formation of a layer of adsorbed hydroxyl species, making a distinct peak 

detection difficult.[29] Regarding the Ni(II)/Ni(III) transition at higher potentials, the two oxidation 

peaks A2’ and A2 are reported to merge with an increasing number of cycles.[29] When 

increasing the scan rate, the peak currents of the Ni(II)/Ni(III) redox reaction increase, and the 

anodic peak shifts to higher and the cathodic to lower potentials.[53] Different peak splitting and 

merging behavior was reported for the Ni(II)/Ni(III) transition depending on the scan rate. While 

Alsabet et al.[53] reported one Ni(II)/Ni(III) oxidation peak for scan rates between 2-500 mV s-1, 

Burke et al.[58] stated two peaks to be observable at a scan rate of 2-10 mV s-1, which merge 

for higher scan rates (>10 mV s-1). Both identified two reduction peaks for scan rates between 

2-50 mV s-1.[53,58] According to Alsabet et al.,[53] these reduction peaks merge for scan rates 

larger than 100 mV s-1. The influence of an increasing temperature on the Ni(II)/Ni(III) redox 

peaks was also studied by Alsabet et al. For these investigations, a RHE was placed in the 

same electrolyte. With increasing temperature between 8 to 40 °C, the anodic and cathodic 

peaks shift toward lower potentials vs. RHE, and the magnitude of both peaks increases. The 

increase in peak intensity and peak shift of the anodic peak is reported to be more intense. It 

needs to be noted that these observations probably partly result from the Ni(II)/Ni(III) oxidation 

being superimposed with the OER.[53] The redox reactions of Ni also show a pH dependence. 

The Ni(OH)2 formation A1 peak shifts with -13 mV pH-1 at 80 mV s-1 vs. RHE, with the shift 

being scan rate dependent.[58] The Ni(OH)2 reduction C1 peak does not vary with the pH vs. 

RHE.[29,58] The anhydrous A2’/C2’ redo  peaks exhibit a potential shift of –59 mV pH-1 and the 
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hydrous A2/C2 of –88 mV pH-1 at 25 °C vs. a pH-independent reference electrode (RE), such 

as the standard hydrogen electrode (SHE).[29] 

Concluding, the redox couple Ni(0)/α-Ni(OH)2 is reported between –0.15-0.5 V, and 

Ni(OH)2/NiOOH between 1.2-1.5 V vs. RHE. For the Ni(OH)2/NiOOH redox couple, it needs to 

be differentiated between the α-Ni(OH)2/γ-NiOOH and β-Ni(OH)2/β-NiOOH transition. 

According to the Bode model, α-Ni(OH)2 ages to β-Ni(OH)2, and γ-NiOOH can convert to β-

NiOOH by overcharging.  These redox features change with the number of performed CVs, the 

applied scan rate, pH, and temperature. However, the results from the different groups are 

partly contradictory, suggesting that the Ni redox peaks depend strongly on the interplay of the 

process conditions. Despite these partly contradictory results, they still contribute to a better 

understanding of the Ni redox behavior, based on which CVs of Ni or Ni-containing 

electrocatalysts can be interpreted. 

Table 2.1. Redox reactions of Ni and their dependencies on repetitive cycling, scan rate, pH, and temperature 
(Temp.) variation. 

Identified 

peaks 

A1 C1 A2’ A2 C2’ C2 

ERHE / V –0.15-0.5 –0.15-0.5 1.2-1.5  1.2-1.5  1.2-1.5  1.2-1.5  

Reaction Ni/Ni(OH)2
[29,55] Ni(OH)2/Ni[29,

55] 

β-Ni(OH)2/ 

β -NiOOH[29] 

α-Ni(OH)2/ γ-

NiOOH[29] 

β-NiOOH/ β-

Ni(OH)2
[29] 

γ-NiOOH/ α-

Ni(OH)2
[29] 

Cycling visible[29] 

disappears[55] 

Only visible if 

E is reversed 

< 0.7 V [29,55] 

A2’ and A2 merge[29] n/a n/a 

Scan rate Scan rate 

increases: shift 

to higher 

potentials[58] 

Constant 

potential[58] 

Scan rate increases: 

Magnitude increases, shifts to 

higher potentials[53] 

Merge at >10 mV s-1[58] 

Scan rate increases: 

Magnitude increases, shifts 

to lower potentials[53] 

Merge at > 100 mV s-1[53,58] 

pH  –13 mV pH-1 at 

80 mV s-1 vs. 

RHE [58] 

Constant vs. 

RHE [29,58] 

–59 mV pH-1 

vs. SHE[29] 

–88 mV pH-1 

vs. SHE[29] 

–59 mV pH-1 

vs. SHE[29] 

–88 mV pH-1 

vs. SHE[29] 

Temp. n/a n/a Temp. increases: shift to lower 

potentials and increase in 

magnitude (vs. RHE in the 

same electrolyte)[53] 

Temp. increases: shift to 

lower potentials and 

increase in magnitude (vs. 

RHE in the same 

electrolyte)[53] 

 

2.2.2. Electrochemical Processes on Fe 

The following section explores the surface electrochemistry of Fe in alkaline electrolytes by 

examining the redox transformations occurring at different potentials. Figure 2.3 shows a 

series of CVs (–1.42-0.68 V vs. Hg/HgO [–0.5-1.6 V vs. RHE], 40 mV s-1) forming a hydrous 

Fe (oxyhydr)oxide film in 1 M NaOH.[59] Various groups have reported and assigned the redox 

features in Figure 2.3. Scheme 2.3 indicates the peak assignment to the respective redox 

reactions, according to Lyons et al.[28,59,60] 
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Figure 2.3. 1st, 2nd, and 10th CV (–1.42-0.68 V vs. Hg/HgO, 40 mV s-1) of Fe in 1 M NaOH at 25 °C, showing the 
redox transitions from Fe(0) to Fe(II) and from Fe(II) to Fe(III). [adapted from ref. [59] with permission 
from Royal Society of Chemistry] 

Figure 2.3 shows that the initially seen peak fine structure during the first CV changes 

drastically within the first 10 CVs. Peak A1 is reported to arise from the deposition of a layer of 

adsorbed hydroxy species (reaction-eq. 1.2) along with the electrochemical displacement of 

adsorbed hydrogen (reaction-eq. 1.1), as seen in Scheme 2.3. The oxidation to Fe(OH)2 

(reaction-eq. 2.1) or FeO (reaction-eq. 2.2) may be attributed to peak A2. In simplified terms, 

the redox peaks A3/C2 corresponds to the Fe(II)/Fe(III) transformation (reaction-eq. 3.1). More 

specifically, the peak couple A3/C2 exhibits a potential-pH shift of –88 mV pH-1 at 25 °C, which 

deviates from the SHE’s potential-pH shift of -59 mV pH-1. Hence, the Fe(II)/Fe(III) transition is 

suggested to occur in a polymeric micro-dispersed hydrous oxide layer. This hydrous oxide 

layer possibly forms by hydration of the outer layers of FeO and Fe(OH)2. Peak A4 is suggested 

to relate to the oxidation of Fe(II) to Fe(III) in the inner oxide layer region closer to the metal 

surface. The resulting oxidation products might be the anhydrous phases of Fe2O3, Fe3O4, or 

FeOOH. The reduction of the compact, anhydrous inner oxide layer might correspond to the 

reductive peak C1 (reaction-eq. 4.1), as indicated in Scheme 2.3.[59] 

 

Scheme 2.3. Fe redox reactions, showing the oxidation of Fe(0) to Fe(II), present as Fe(OH)2 and FeO, and Fe(III), 
present as FeOOH. Peak A1: Hydroxy layer formation on Fe (Fe-OH(ads)) and electrochemical 
displacement of adsorbed hydrogen. Peak A2: Oxidation of Fe-OH(ads) to Fe(OH)2 or FeO. Peak 
A3/C2: Reversible conversion of Fe(OH)2 to FeOOH. Peak C1: Reduction of the compact, anhydrous 
inner oxide layer.[28,59,60] 

For a multicycled Fe electrode (–0.5 to 1.25 V vs. RHE, 0.35 V s-1, 30 cycles, 1 M NaOH, 

25 °C), these redox features change depending on the cycling conditions. The magnitude of 

the anodic and cathodic peak potentials and currents increases linearly with the scan rate. 
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With increasing temperature, the peak potentials decrease linearly except for peak C1. With 

increasing pH, the peak potentials of A3 and C2 decrease linearly, the peak potential of C1 

increases, and the others remain constant. As RE, a RHE in the same electrolyte and 

compartment was applied for these studies. The effect of scan rate, temperature, and pH on 

peak position and current can be read in detail in the works by Lyons et al.[59,60] After cycling in 

an alkaline electrolyte, the grown Fe (oxy)hydroxide films feature different colors depending 

on their thickness. Thin films are transparent in their reduced and green-yellow in their oxidized 

form. Color changes from the reduced to the oxidized form are visible when scanning the 

potential up and down with a scan rate of up to 4 V s-1. Thick films show a yellow-brown color 

in their oxidized state, and a color change can only be seen at a very low scan rate of 

3 mV s-1.[60]  

In conclusion, the Fe redox reactions from Fe(0) to Fe(II) and vice versa occur between –0.5-

0.9 V vs. RHE in 1 M NaOH, with a peak fine structure visible in the 1st CV, but disappearing 

within the first 10 CVs. The redox features of a multicycled Fe electrode are sensitive to the 

cycling conditions, such as scan rate, temperature, and pH. Based on this, CVs of Fe or Fe-

containing electrocatalysts can be assessed. 

 

2.2.3. Ni-Fe Catalysts 

The highly OER-active NiFeOxHy catalysts trace their development back to NiOxHy 

electrocatalysts, which were previously regarded as the benchmark non-noble metal catalyst 

for the OER. Today, it is recognized that the incorporation of Fe from the alkaline electrolyte 

into the NiOxHy electrocatalysts leads to the formation of NiFeOxHy, which is responsible for 

the superior activity.[8,10,17–22,61–67] 

Fe is incorporated into Ni-based materials during aging with and without applied current or 

potential but is significantly enhanced during electrochemical conditioning.[19,61] Klaus et al. 

reported that aging of Ni(OH)2 films without electrochemical conditioning in unpurified 1 M KOH 

(≤0.66 ppm Fe) results in a logarithmic Fe incorporation from the electrolyte with time. After 38 

days, a maximum Fe content of 26% at the surface was measured by X-ray photoelectron 

spectroscopy. The optimum activity was reached after five days of aging with an Fe content of 

15% and a potential reduction of about 50-70 mV at 10 mA cm-2 (overpotential of 280 mV). The 

authors compared this aging process in an Fe-containing electrolyte to aging in an Fe-free 

electrolyte. In the Fe-free electrolyte, they observed a degradation of the Ni(OH)2 films’ 

catalytic OER performance over time (initial overpotential of 529 mV at 10 mA cm-2). 

Comparing the aging in Fe-containing and Fe-free electrolyte, it must be noted that the much 

more significant activity gap of about 150 mV between Ni(OH)2 in Fe-free and Fe-containing 

electrolyte already existed before aging.[19] This indicates that the OER activity is defined by 

the presence of Fe in the electrolyte and is only slightly influenced by the aging process. In 

supplement to this, Trotochaud et al. observed that the Ni(OH)2 phase in Fe-containing and 

Fe-free electrolytes ages similarly, i.e. transforms from α-Ni(OH)2 to β-Ni(OH)2.[61]  

Regarding Fe incorporation from the electrolyte by electrochemical conditioning, Kuai et al. 

reported that the Fe incorporation during chronoamperometry is much greater at OER 

potentials than at lower potentials (1.6 vs. 1.3 V).[62] Son et al. further showed that Fe 

incorporation into NiOxHy layers is higher by CV (1.1-1.63 V vs. RHE for more than 1000 cycles 

until constant OER activity) compared to chronopotentiometry (CP) (5 mA cm-2 for 24 h).[63] 
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Combining the results from Son et al. and Kuai et al. indicates that while Fe incorporation is 

superior at OER potentials compared to lower potentials, cycling to lower potentials seems 

essential for an efficient Fe incorporation. When cycling different Ni-based pre-catalysts in Fe-

containing electrolyte, Mattinen et al. stated that the amount of Fe uptake in the catalyst film is 

strongly correlated with the catalysts’ amount of Ni(OH)2.[68] 

This in-situ Fe incorporation into NiOxHy catalysts during aging or electrochemical conditioning 

in alkaline electrolytes produces NiFeOxHy, which represents an alternative synthesis route to 

ex-situ techniques. Regardless of the specific synthesis methods used, the activities of these 

NiFeOxHy catalysts were reported to be consistent when compared at the same Fe 

content.[20,64] However, a broad range for the optimum Fe content is reported, covering 

15 wt%,[17] 20-25 wt%,[18–20] ≤33 at%,[22] 20-40%,[65] 25-50%,[66] 25-50 at%,[67] and 40-

60 at%.[21] In contrast to the activities of NiFeOxHy being consistent regardless of the synthesis 

method, the electrochemical behavior, particularly the Ni(II)/Ni(III) redox peaks, varies 

depending on the synthesis method.[64] Still, it was repeatedly demonstrated that increasing 

the Fe content in the electrode results in a shift of the Ni(II)/Ni(III) redox peaks to higher 

potentials. This was often interpreted as a suppressed Ni oxidation or dissolution.[61,67,69]  

The Ni(II)/Ni(III) redox peak behavior during in-situ Fe incorporation in Ni(OH)2 films is 

illustrated in Figure 2.4 for the study from Stevens et al. They reported CV cycling of an 

electrolyte permeable Ni(OH)2 film (cycles 0-4: 0-0.85 V vs. Hg/HgO [0.924-1.774 V vs. RHE], 

10 mV s-1, Fe-free 1 M KOH; cycles > 4: 0.2-0.7 V vs. Hg/HgO [1.124-1.624 V vs. RHE], 

10 mV s-1) in an Fe-free (Figure 2.4a) and Fe-containing (Figure 2.4b) electrolyte.[64] 

 

Figure 2.4. CV illustrating the influence of Fe incorporation from the electrolyte into NiOxHy on the Ni(II)/Ni(III) 
redox peak and the OER activity. a) CV (10 mV s−1) of NiOxHy in Fe-free 1 M KOH. b) NiOxHy cycled 
first in Fe-free 1 M KOH (green), which is then spiked with 1 mM Fe(NO3)3 (orange, purple). The inset 
shows how Fe could potentially be incorporated during cycling. [reprinted from ref. [64] with permission 
from American Chemical Society] 

Cycling NiOxHy in Fe-free 1 M KOH, the anodic peak potential shifted within the first four CVs 

to higher potentials by 12-15 mV and the peak area decreased by 2-5%. Figure 2.4a shows 

that for cycles 5-104, the oxidative Ni(II)/Ni(III) peak did not significantly shift in potential or 

change in peak area anymore. The OER activity decreased significantly. In Figure 2.4b, one 

can see that Ni(OH)2 was first cycled in Fe-free electrolyte (green CV), which was then spiked 

with 1 mM Fe(III) (orange, purple CV). The comparison of the green and orange CV 

demonstrates that spiking the electrolyte with 1 mM Fe(III) resulted in an immediate 130-

150 mV decrease in the OER potential but no significant change of the Ni(II)/Ni(III) peaks. After 

two cycles in the spiked electrolyte, the Fe content of the Ni(OH)2 film increased to 11%. Upon 

cycling in the Fe-containing electrolyte, the oxidative and reductive Ni(II)/Ni(III) peaks shifted 

to higher potentials and decreased in intensity, as indicated by the comparison of the orange 
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and purple CV. After 100 cycles, the oxidative peak potential was shifted to higher potentials 

by 30 mV, the oxidative peak area was decreased by 30%, a second reduction peak was 

visible, and the Fe content was increased to 24%. These changes in the Ni(II)/Ni(III) peak 

behavior were not reflected in the activity increase, which was minimal compared to the initial 

potential drop after Fe(III)-spiking of the electrolyte. Stevens et al. explained this by an initial 

Fe incorporation at easily accessible edge/defect sites, enhancing the activity, as illustrated in 

the inset in Figure 2.4. The subsequent rearrangement and Fe incorporation into the NiOxHy 

bulk were suggested to have only a minor influence on the activity.[64]   

Similar results were reported by Klaus et al. and Trotochaud et al., who investigated the aging 

of Ni(OH)2
[19,61] and Ni-(Fe)-OxHy

[61] films in purified and unpurified 1 M KOH without applying 

electrochemical conditioning. Aging a Ni(OH)2 film in an Fe-free electrolyte resulted in a decline 

in OER activity, a shift of the oxidative Ni(II)/Ni(III) peak potential to higher values (by 40 mV,[19] 

5 mV[61]), and a reduction in the oxidative Ni(II)/Ni(III) peak intensity. For an Fe-containing 

electrolyte, the OER activity increased with aging, and the oxidative Ni(II)/Ni(III) peak potential 

was shifted to higher potentials (by 70 mV,[19] 27 mV[61]) and its intensity first decreased and 

then increased. These studies support the hypothesis from Stevens et al. that the 

differentiation between the activation and deactivation of NiOxHy in an Fe-containing and Fe-

free electrolyte is not distinctly represented in the Ni(II)/Ni(III) redox peak behavior. 

While it is agreed that Fe incorporation into NiOxHy structures enhances the OER activity, the 

active site of these NiFeOxHy catalysts is still heavily discussed. Burke et al. were among the 

first to examine the role of Fe in NiOOH structures, and they proposed that Fe is the active site 

and Ni(OH)2 serves as a stabilizing conductive support. The NiOOH phase supposedly shows 

a high surface area and allows nearly every Ni cation to be accessible. The Fe sites are 

suggested to be activated and stabilized from dissolution due to the electronic interaction 

between Ni and Fe.[10] Louie and coworkers identified Ni as the active site, with Fe lowering 

the oxidation state of Ni to a more favorable one (from Ni3+ to Ni2+,[57] from the average oxidation 

state Ni~+3.5 to Ni~+2.5).[67] A synergetic effect of Ni and Fe via the Mars-van-Krevelen 

mechanism for the OER at O-bridges Fe-Ni moieties was hypothesized by Dionigi et al.[70] 

Regarding the stability of the NiFeOxHy catalysts, a few groups stated that those are not stable 

in Fe-free 1 M KOH,[71–73] while others reported the opposite.[61] Kuai et al. suggested that a 

dynamic Fe exchange between catalyst and electrolyte is required for an active and stable 

OER performance.[62] Recently, dynamically stable Fe active sites, which result from 

dissolution and redeposition at the host/electrolyte interface, were proposed as a descriptor 

for OER activity and stability.[72] The authors suggested that Fe from the electrolyte is deposited 

and redissolved over a MOxHy host. In their study, the OER activity increased linearly with Fe 

coverage until maximum surface coverage was reached for Fe-Ni-OxHy and Fe-Co-OxHy. For 

each surface, there is supposedly a unique Fe saturation coverage. Fe surface coverage was 

adjusted and sustained by varying the initial Fe(III) concentration of the KOH electrolyte.[72] 

Feng et al. found that this dynamically stable Fe equilibrium could not be maintained for Ni-Fe 

layer double hydroxides during long-term OER operation by only initially adjusting the 

electrolyte's Fe(III) concentration. They postulated that the Fe redeposition is too ineffective at 

the OER operating potentials (< 1.6 V to obtain 10 mA cm-2) compared to the Fe dissolution. 

Thus, they introduced Co(II) into the Ni-Fe layer double hydroxide lattice and intercalated 

borate to promote the stability of the Fe-dissolution-redeposition-equilibrium.[73] 



2   State of the Art 

 

 

15 

To sum up, all these findings demonstrate that a lot is already known about NiFeOxHy as an 

electrocatalyst for the OER and about Fe incorporation into NiOxHy materials from the alkaline 

electrolyte. Still, many of these topics are heavily discussed, and open questions remain. For 

example, the interplay of Fe incorporation and the Ni (hydr)oxide formation has not been fully 

evaluated yet. 

 

2.2.4. Oxide Formation on Ni and Fe during Electrochemical Conditioning 

In the class of oxides as OER catalysts, anhydrous and hydrous oxides can be differentiated. 

Anhydrous oxides typically refer to compact metal-oxygen materials with a rigid network of 

polar covalent bonds, where oxygen is present as a bridging species between metal cations 

(see Figure 2.5). Examples are NiCo2O4, Co3O4, and RuO2 as rutile, perovskite, or spinel 

structures. Ionic transport is difficult, but electronic conductivity is comparably high. As a 

coating on a support, these are state-of-the-art alkaline OER catalysts.[12] During the AWE 

operation, these anhydrous oxides turn into hydrous oxides at the surface. 

Hydrous oxides refer to a hydrated, dispersed material with a polymeric character, where 

oxygen is present not just as bridging species but also as O-, OH-, and H2O (see Figure 2.5). 

It contains trapped and loosely bound water and electrolyte species. The boundary between 

solid and aqueous phases is poorly defined, and ionic charge percolation proceeds 

comparatively quickly. The hydrous oxide layer is reportedly amorphous and prone to 

rearrangement. One of the most straightforward preparation techniques is the direct 

anodization of a metal in an aqueous electrolyte by constant polarization or potential 

cycling.[12,27] 

In 1981, Burke and O’Sullivan introduced the duple  layer model to describe o ide films formed 

on metal surfaces during anodization, as illustrated in Figure 2.5.[27]  

 

Figure 2.5.  Schematic representation of the metal(oxide)/electrolyte interface on metals (M) according to the 
duplex layer model from Burke and O’Sullivan.[27] 

Here, the metal is covered by a thin (1-5 layers), anhydrous, inner oxide layer and an outer 

hydrous oxide layer, which is extensively hydrated with both bound and trapped water.[27] The 

capacity of the electrochemical double layer remains relatively unchanged during the growth 

of the hydrous film due to the absence of a well-defined double layer in the hydrous phase as 
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the aqueous phase permeates it at the molecular level. Therefore, the major potential drop is 

also assumed to occur at the outer surface of the compact film.[27,28]  

Regarding synthesizing this hydrous oxide layer by anodization, Son et al. compared the 

anodization of Ni by constant polarization and potential cycling. The authors demonstrated that 

CV conditioning results in a higher degree of oxidation and, thus, in thicker NiOxHy layers, 

which show an increased OER activity.[63] This was attributed to the fact that at constant current 

conditions, further oxidation is limited by restricted ion movement through the anhydrous oxide 

layer. For CV, the reductive sweep is suggested to partially reduce the anhydrous layers and 

facilitate the rearrangement of the oxycation species to be more susceptible to oxidation and 

incorporation into the hydrous layer. [12,29,63,74]  

Lyons and coworkers built upon the duplex layer model and investigated the formation of 

hydrous oxide films on Fe and Ni under potential cycling by varying the number of cycles, scan 

rate, potential window, temperature, and hydroxide concentration.[12,28,29,60,74] One key 

evaluation parameter was the oxide charge capacity Q, which was determined by integrating 

the M(II)/M(III) redox peak. The correlation between the oxide charge capacity of the grown Ni 

and Fe oxides and the number of cycles, potential limits, scan rate, KOH concentration, and 

temperature during CV conditioning and the OER performance of the produced hydrous oxide 

films are summarized in Table 2.2. The hydroxide concentration and temperature were 1 M 

and room temperature (RT), if not subject to variation. To put it in perspective, it needs to be 

noted that while these extensive investigations suggest this topic to be widely researched, 

these studies were primarily conducted by Lyons et al. 

Influence of the number of cycles on the oxide charge capacity 

When growing an oxide film on a metal, the resulting oxide charge capacity depends on the 

number of performed CV cycles. With a larger number of cycles, the oxide charge capacity Q 

is reported to increase and saturate with increasing number of cycles NCV according to equation 

(2.3),  

𝑄 = 𝑎(1 − 𝑒−𝑏𝑁CV) (2.3) 

with a and b being empirical parameters, which depend on the applied CV parameters. 

For example, the oxide charge capacity of a hydrous oxide film on Ni was reported to saturate 

after approx. 250 cycles (–0.526-1.574 V vs. RHE, 40 mV s-1) in 1 M NaOH. The reduced oxide 

growth rate with increasing film thickness was attributed to an increasing limitation of water 

and hydroxide ion transfer to the inner region of the oxide layer.[28,29] 

Influence of upper and lower potential limit on the oxide charge capacity 

The works on hydrous Fe oxide films further indicate that the oxide growth rate depends 

strongly on the upper and lower potential limit of the CV. The lower potential limit plays a crucial 

role in the extent of the partial reduction of the anhydrous oxide layer. Regarding the upper 

potential limit, different effects were reported. Increasing the upper potential of the CV could 

lead to a deeper oxygen penetration into the outer regions of the metal lattice, thickening the 

compact anhydrous layer.[12,74] It may also help to induce expansion and stress at the metal 

oxide interface, facilitating the uptake of excess oxygen. Plus, reducing the compact anhydrous 

oxide layer might become more challenging for more oxidative upper potentials.[12,28] 

Consequently, Lyons and coworkers saw that the oxide charge capacity is increased with 

increasing the upper potential of the CV and that the optimal lower potential limit depends on 
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the upper limit.[12,28] For Fe, the oxide charge is maximized when the potential is reversed at 

the peak potential of the reduction of the compact anhydrous Fe-oxide layer (approx. –0.2 V 

vs. RHE).[12,28,60] The higher the upper potential limit between 1.25-1.65 V vs. RHE, the larger 

the oxide charge capacity.[12,28] For Ni, the oxide charge capacity is maximized if the lower limit 

is below –0.4 V vs. RHE.[58,75] For the upper potential limit, an increasing oxide charge capacity 

with increasing potential until 1.6 V vs. RHE[58,75] with saturation[58] and as optimum[75] was 

reported. 

Influence of scan rate on the oxide charge capacity 

When discussing the influence of the scan rate v on the oxide charge capacity, a distinction 

needs to be made between the scan rate used for the oxide growth and analysis. The oxide 

charge capacity in dependence on the analytical scan rate for different oxide film thicknesses 

on Ni and Fe is shown in Figure 2.6.  

 

Figure 2.6. Effect of the analytical scan rate on the oxide charge capacity of the M(II)/M(III) redox peak for a) Ni 
oxides grown under CV cycling (–0.526-1.574 V vs. RHE, 150 mV s-1, 1 M NaOH, RT) and b) Fe oxides 
grown under CV cycling (–0.5-1.25 V vs. RHE, 350 mV s-1, 1 M NaOH, 25 °C). [a) adapted from ref. 
[29] with permission from IOP Publishing, Ltd, b) adapted from ref. [60] with permission from Elsevier] 

In Figure 2.6a, the oxide charge capacity is independent of the analytical scan rate between 

10  and 2000 mV s-1 for thin oxide films on Ni (< 60 cycles, −0.526-1.574 V vs. RHE,  

150 mV s-1, < 2 mC). Here, the redox reaction has sufficient time to extend throughout the 

entire dispersed hydrous oxide layer. For thicker Ni-o ide films (> 60 cycles, −0.526-1.574 V 

vs. RHE, 150 mV s-1, > 2 mC), the oxide charge capacity decreases drastically from low scan 

rates to 50 mV s-1. From 50 to 2000 mV s-1, this decrease of the oxide charge capacity with 

increasing scan rate is reduced to a linear trend. This suggests that for the thicker oxide films, 

there is not enough time for the redox reaction to extend throughout the hydrous oxide layer.[29] 

The same relation was found for Fe-oxide films, as seen in Figure 2.6b.[60]  

In Figure 2.7, the effect of the oxide growth scan rate on the oxide charge capacity for oxides 

grown on Ni and Fe can be seen. The oxide charge capacity shows maxima depending on the 

applied oxide growth scan rate. Figure 2.7a indicates two local maxima and a minimum at 

100 mV s-1 for the oxide charge capacity of Ni oxides. Although the maxima could not be 

determined consistently, the overall trend was reproducible.[58] The development of these 

maxima has not yet been fully explained. One possible explanation is that the oxide growth 

rate decreases below or above an optimum due to excessive or insufficient reduction or rupture 
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of the anhydrous oxide layer, respectively.[60] For Fe, Figure 2.7b identifies an optimum oxide 

growth scan rate of 350 mV s-1 to obtain the largest possible oxide layer.[60]  

 

Figure 2.7. Effect of the oxide growth scan rate on the oxide charge capacity of the M(II)/M(III) redox peak for a) 
Ni oxides grown under CV cycling (1 M NaOH, 25 °C, oxide growth: –0.5-1.55 V vs. RHE, 35 cycles, 
analytical conditions: 0-1.55 V vs. RHE, 31 mV s-1)[58]  and b) Fe oxides grown under CV cycling (in 
N2-stirred 1 M NaOH at 25 °C, oxide growth: –0.5-1.25 V vs. RHE, 30 cycles, analytical conditions:  
–0.35-1.65 V vs. RHE, 40 mV s-1).[60] [a) adapted from ref. [58] with permission from Elsevier, b) adapted 
from ref. [60] with permission from Elsevier] 

Influence of hydroxide concentration on the oxide charge capacity 

The oxide charge capacity of a metal oxide produced by CV in alkaline electrolytes also varies 

with the applied hydroxide concentration. This is because varying the hydroxide concentration 

of the electrolyte affects the thermodynamic equilibrium potential of a redox surface reaction, 

its redox kinetics, and the electrolyte conductivity.  

For oxide films on Ni, the oxide charge capacity of the reductive peak of the Ni(II)/Ni(III) redox 

reaction increases with increasing electrolyte concentration and saturates at 4 M NaOH (–0.5-

1.6 V vs. RHE, 164 mV s-1, 50 cycles).[58] The Tafel slope at low potentials of deposited Ni(OH)2 

on Au is reported to decrease steadily from 65 to 45 mV dec-1 with increasing NaOH 

concentration. This is proposed to occur due to dehydration of the hydrous α-Ni(OH)2 to β-

Ni(OH)2, which is, in this case, suggested to be the electrocatalytic more active form. The Tafel 

slope at high potentials is invariant at approx. 120 mV dec-1, irrespective of the applied base 

concentration during conditioning.[12,76]  

Burke and Lyons reported in 1986 that for thin oxide films on Fe (30 cycles, Q < 30 mC cm-2, 

–1.425-0.325 V vs. Hg/HgO [–0.5-1.25 V vs. RHE], 350 mV s-1), the oxide charge capacity of 

the oxidative Fe(II)/Fe(III) peak shows an optimum for a NaOH concentration of 1 M, as seen 

in Figure 2.8a. Figure 2.8a indicates that for thicker oxide films (120 cycles, Q < 120 mC cm-2, 

–1.425-0.325 V vs. Hg/HgO [–0.5-1.25 V vs. RHE], 350 mV s-1), the largest oxide charge 

capacity is obtained for the most diluted solutions with a fast initial and then slow decay with 

increasing NaOH concentration.[60] Partly contradicting the results from Burke and Lyons in 

1986, Doyle and Lyons reported in 2013 that for a small number of CV cycles, the oxide growth 

rate is higher in more concentrated hydroxide solutions (5 M vs. 0.1 M), as shown in Figure 

2.8b. The growth rate, however, decreases faster in 5 M concentrated electrolyte, and 

saturation of the oxide charge capacity with the number of cycles can already be seen after 

20-30 cycles at approx. 10 mC cm-2. Thus, significantly larger oxide charge capacities can be 

generated at lower concentrations. In Figure 2.8b, the saturated oxide charge capacities follow 

the order 1 M = 0.5 M > 0.1 M >> 5 M. Further, Doyle and Lyons observed that the Tafel slope 

of the Fe oxides generated in high hydroxide concentration is larger than at low concentrations 
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(<1 M) with approx. 60 mV dec-1 compared to 40 mV dec-1. This is suggested to result from 

stronger dehydration of the hydrous oxide layers in highly concentrated bases, with the 

hydrous phase being more active for the OER.[12,28] 

 

Figure 2.8. Effect of the hydroxide concentration on the oxide charge capacity of the Fe(II)/Fe(III) redox peak. a) 
Oxide charge capacity of an Fe oxide electrode, grown by CV cycling (–1.425-0.325 V vs. Hg/HgO  
[–0.5-1.25 V vs. RHE], 350 mV s-1 at 25 °C) for 30 and 120 cycles, in dependence on the hydroxide 
concentration.[60,74] b) Oxide charge capacity of an Fe oxide electrode in dependence on the number 
of cycles. Oxide films were prepared in 0.1, 0.5, 1.0, and 5.0 M NaOH. The cycling parameters were 
optimized for the respective base concentration.[12,28] [a) adapted from ref. [74] with permission from 
Elsevier, b) adapted from ref. [28] with permission from IOP Publishing, Ltd] 

Influence of temperature on the oxide charge capacity 

Lastly, the oxide charge capacity of a metal oxide layer grown by CV in an alkaline electrolyte 

depends on the applied temperature. Regarding the M(II)/M(III) oxide charge capacity of Ni 

and Fe, the oxide charge capacity of Ni oxides increases with increasing temperature up to 

60°C, potentially because of an enhanced oxide formation rate.[53,58] For Fe, the hydrous oxide 

structures produced by potential cycling are not stable at elevated temperatures larger than 

40 °C.[60]  

OER on hydrous oxide films with different oxide charge capacity 

The OER activity, measured by the current response at a certain overpotential, was studied 

for hydrous oxide films of different thicknesses, corresponding to different oxide charge 

capacities. The OER activity increases with the oxide charge capacity and saturates at approx. 

0.01 C cm-2 for Ni[29] and at 0.07 C cm-2 for Fe.[28] This enhancement of the electrocatalytic 

activity with increasing oxide charge capacity supposedly results from increased contact 

between oxycations and the aqueous phase in the outer hydrous oxide layer.[27,28] Regarding 

the intrinsic catalytic OER activity measured by the Tafel slope, different trends for the 

correlation with the oxide charge capacity have been reported. For Ni, a Tafel slope of approx.  

60 mV dec-1 at low and 120 mV dec-1 at high potentials for thin and thick oxide films was 

reported by Lyons et al.[29] In contrast, Son et al. presented an increase in the Tafel slope with 

higher surface oxidation.[63] For FE, the Tafel slope decreases from 75 to 47 mV dec-1 with an 

increasing oxide charge capacity at low potentials, and at higher potentials, it is invariant at 

120 mV dec-1.[77]  

When applying these hydrous oxides in prolonged electrolysis, it was reported that hydrous Fe 

oxides are unstable and that half of the oxide charge capacity is lost after applying 1.7 V vs. 

RHE for 30 min. This was explained by the formation of ferrate during polarization.[60] For Ni, 
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Vuković et al. showed that the oxide charge capacity remains stable during polarization at 

0.1 A cm-2 for 14 days. However, the performance could not be maintained.[78] 

Table 2.2. Correlation between oxide charge capacity Q of Ni and Fe oxides and the number of cycles, potential 
limits, scan rate, KOH concentration, temperature during CV conditioning, and OER performance of 
the produced hydrous oxide films. 

    Fe Ni 

Number of 

cycles 

 Q saturates with an increasing number of cycles NCV according to  

Q = a(1-e-bNCV)  

Potential limits 

vs. RHE 

Upper limit Q increases the higher Ehigh is[28] 
Increased Q if Ehigh ≥1.6 V,[58] 

=1.6 V[75] 

Lower limit 
Increased Q if Elow equals C1 peak 

potential (approx. –0.2 V)[28] 
Increased Q if Elow <–0.4 V[58,75] 

Scan rate 

Oxide 

growth 
Increased Q at 350 mV s-1[60] 

Two maxima of Q, one minimum of 

Q at 100 mV s-1[58] 

Analytical 

Thin layers: 

slightly linear 

decrease of 

Q/invariant with 

increasing scan 

rate[60] 

Thick layers: 

exponential decay 

of Q with 

increasing scan 

rate [60]  

Thin layers: 

slightly linear 

decrease of 

Q/invariant with 

increasing scan 

rate [29]  

Thick layers: 

exponential 

decay of Q  with 

increasing scan 

rate[29]  

KOH 

concentration 
  

Thin films:  

maximum of Q at 

1 M[60]  

Thick films: 

exponential decay 

of Q with 

increasing 

c(KOH),[60] 

maximum of Q at 

1 M[12,28]  

Q increases with c(OH-) (saturation 

at 4 M)[58] 

Temperature   
Hydrous oxide structures not stable at 

>40°C[60] 
Linear increase of Q up to 60°C[58] 

OER 

performance 

Tafel slope 

Tafel slope decreases with increasing 

Q for low potential regime, invariant 

for high potentials [77] 

Tafel slope is invariant with 

increasing Q,[29] increases[63] 

Stability 
Not stable during constant potential 

operation (1.7 V)[60] 

Chemically stable during CP 

(0.1 A cm-2) , but performance 

degradation[78] 

Concluding, intensive research has been conducted, investigating systematically the behavior 

of the oxide charge capacity of Ni and Fe when cycling in alkaline electrolyte under varying 

process conditions. This knowledge can be used to apply potential cycling as an alternative 

synthesis route to obtain highly active OER electrodes.  

 

2.2.5. Electrochemical Conditioning of Steel Electrodes as Alternative 

Synthesis Route 

Recently, many studies have explored the electrochemical metal anodization of steel 

electrodes as a synthesis technique.  The goal was to find an efficient and cost-effective 

synthesis method for a highly active OER catalyst based on the abundant and low-cost raw 

material steel.[22,30–35,79–86]  
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One of the earlier works by Schäfer et al. reported an electrochemical activation of Ni42 steel 

by CP at 2 A cm-2 for 300 min in 7.2 M NaOH.[83] Later, Moureaux et al. compared the activity 

enhancement of 316L steel electrodes during constant current operation with the addition of a 

preceding activation protocol (12x [(1) E = 1.53 V vs. RHE, 10 min; (2) E = 0.93 V vs. RHE,  

5 min; (3) 2x CV (0.93-1.93 V vs. RHE, 5 mV s-1)]). The purpose of the activation protocol was 

to favor dissolution and redeposition to restructure the electrode. The preceding activation 

protocol accelerated the catalytic performance enhancement by approx. 190 h.[82] This shows 

that the conditioning of steel with an alternation between higher and lower potentials 

outperforms constant current conditioning, which is consistent with reports on the conditioning 

of Ni by CV and CP.[63] 

To identify well-suited potential limits, scan rate, and electrolyte concentration for the CV 

conditioning of steel electrodes, systematic parameter variation was performed by Zhu et al.[31] 

and Zuo et al.[33] Zuo et al. identified that the CV conditioning with a larger potential window 

between –0.074-1.924 V vs. RHE compared to 0.924-1.924 V is more beneficial for activating 

SSM316 steel. This was attributed to an increased Fe leaching at the lower potentials, which 

enlarges the surface area and results in an accumulation of OER-active Fe-incorporated 

NiOOH species.[33] Zhu et al. systematically studied the activation of 316L stainless steel felt 

by CV conditioning, focusing on the variation of potential limits, scan rate, and KOH 

concentration. Like Zuo et al., they found that out of the three tested potential windows, 0.3-

0.7 V, 0.7-1.7 V, and 0.3-1.7 V vs. RHE, the largest potential window resulted in the most 

significant activation.[31] This is in line with the reports from Lyons et al. on oxide formation by 

CV cycling of Ni and Fe (see chapter 2.2.4).[28,58] Regarding the scan rate, Zhu et al. showed 

that its variation between 5 mV s-1 and 50 mV s-1 influenced the catalytic performance only 

minimally. Therefore, a scan rate of 50 mV s-1 was suggested to save time. The variation of 

KOH concentration between 1-6 M KOH revealed that 3D porous structures form in 1-3 M 

KOH. The authors stated that if the concentration is further increased, some nanosheets will 

agglomerate. In 6 M KOH, the 3D porous structure was lost entirely, and irregular structures 

appeared. Zhu et al. identified 3 M KOH as the optimal KOH concentration with the smallest 

overpotential, charge transfer resistance, and Tafel slope.[31] To summarize, a large potential 

window, an arbitrary scan rate between 5-50 mV s-1, and 3 M KOH are reported as optimum 

conditioning parameters for 316L stainless steel felt. 

The reasons for the activation of steel electrodes have also been discussed intensively by 

many groups. For example, Todoroki et al. used constant current operation (10 h, 30 mA cm-2 

in 1 M KOH at 75 °C) to form Ni-Fe (hydr)oxide nanofibers on 316 stainless steel electrodes.[32] 

They suggested that the hetero-structured nanofibers are produced from a selective 

dissolution of Fe and Cr accompanied by nanoscale gaps forming from O2 gas bubbles and a 

precipitation of Ni-Fe (hydr)oxides.[32] Zhang et al.[30] and Zhu et al.[31] reported independently 

from one another that the activation of 316L steel by CV cycling was supposedly caused by an 

enrichment of Ni and O species on the surface. Simultaneously, the Fe- and Cr-contents 

decreased.[31] According to Ferriday et al., the oxide layer produced by CV cycling of 316L 

stainless steel felt corresponds to M(OH)2. Further, the Ni content can supposedly be 

increased when cycling the Ni redox couple, and Cr can be enriched when cycling around the 

Fe redox couple.[85] These studies show that stainless steel activation is suggested to result 

primarily from the dissolution of constituent elements. 
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Todoroki et al. had a closer look into the dissolution behavior of constituent elements of various 

stainless steel electrodes during CV cycling. Regardless of the stainless steel grade, 

constituents were dissolved in decreasing amounts in the order of Fe, Cr, Mn, and Ni. They 

suggested the Ni:Fe ratio as a key parameter to estimate the dissolution behavior of constituent 

elements. The higher the ratio, the more the dissolution is suppressed.[34] Magnier et al. 

reported that by aging or conditioning Ni-Fe-based alloys or oxides with initial Ni:Fe ratios 

between 0.14 to 250, the OER activity increases due to an optimized Ni:Fe ratio, which tends 

toward 2.5 to 5.[35] 

To summarize, OER-active electrodes were synthesized by different CP and CV conditioning, 

which all achieved activation by dissolution of constituent elements. For industrial application, 

these conditioned steel electrodes, however, need to be reconsidered since the industry is 

limited to a defined electrolyte quality, and metal leaching might pose additional 

challenges.[86,87] The substantial Fe dissolution indicated by Todoroki et al. and the toxic 

hexavalent Cr ions (CrO4
2-) generated in the strong alkaline electrolyte are especially 

troublesome.[34] Additionally, stable OER performance for over 300 h was reported to be only 

possible when re-activating by conditioning.[33] 
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3. Research Questions & Approach 

Developing cost-effective, active, and stable electrodes for the alkaline OER in large-scale 

AWE is a complex challenge. This work tackles this challenge in three steps.  

First, an EFC is designed to assess the activity and stability of electrocatalysts. Second, the 

electrochemical conditioning of Ni-(Fe)-based electrodes is examined by correlating electrode 

activation, surface modifications, and electrochemical conditioning parameters. Finally, the 

electrochemical conditioning is scaled up and tested under industrially more relevant 

conditions. The schematic objectives of this thesis are illustrated in Figure 3.1. 

 

Figure 3.1. Schematic representation of the objectives of this thesis to address the challenge of designing cost-
effective, active, and stable electrodes for the alkaline OER. I) An EFC for 1 cm2 electrodes is 
designed. II) The correlations between electrochemical conditioning of Ni-(Fe)-based electrodes, 
surface changes, and electrode activation for the alkaline OER are investigated. III) The electrode 

activation by conditioning is scaled up and tested under industrially more relevant conditions. 

To study simultaneously the electrocatalytic activity and stability of an electrocatalyst, coupling 

of EFCs with online electrolyte monitoring can be applied. The reported designs are, however, 

far from industrial conditions. Thus, in this work, an EFC with parallel 1 cm2 electrodes is 

designed for this purpose. This design aims to enable experiments under more industrially 

relevant conditions than the previously reported specialized EFCs for online electrolyte 

monitoring while maintaining high precision in activity determination. For the design, the 

following questions need to be considered:  

1.1. How can a precise activity determination over a wide potential range and minimal 

dilution of reaction products be ensured with a restricted volume flow? 

1.2. To what extent does the mass transport of reactive species to the electrode influence 

the precision of the activity determination? 

1.3. How can a precise definition of the WE’s and CE’s surface area and potential control 

be ensured? 

1.4. What needs to be considered and adjusted for the EFC design, especially regarding a 

stable potential measurement, when studying AWE electrocatalysts at industrially 

relevant conditions (up to 100 mA cm-2, 80 °C, 30 wt% KOH)? 

1.5. Can metal dissolution and incorporation at the electrodes be monitored with this 

design? 
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Regarding the electrochemical conditioning of Ni-(Fe)-based electrodes, the conditioning of 

single- and multi-element electrodes has already been presented in the literature, focusing on 

oxide growth on Ni and Fe and finding a low-cost and highly active electrocatalyst from steel. 

However, no study has systematically correlated activation, surface changes, and 

electrochemical conditioning parameters for a model electrode with a Ni:Fe ratio in the 

optimum regime. Herein, a systematic investigation of the electrochemical conditioning for 

such a Ni-Fe alloy electrode with 30 wt% Fe (31 at% Fe) and other Ni:Fe ratios is performed 

to explore the following questions:  

2.1. What are the correlations between the electrochemical conditioning protocol 

parameters and electrode activation of a Ni-Fe alloy electrode with 30 wt% Fe at 

lab conditions (1 cm2, 1 M KOH, room temperature)? What protocol parameters 

result in the most extensive activation? 

2.2. How do the correlations between protocol parameters and electrode activation 

depend on the Ni:Fe ratio of the WE and the Fe content in the electrolyte?  

2.3. What influence does the conditioning with and without the hydrogen evolution 

reaction (HER) regime have on the WE’s surface, regarding the occurring 

electrochemical processes, visual changes, phase changes, oxide character, and 

Fe content?  

Based on this, the correlations derived between conditioning protocol parameters and 

electrode activation can be transferred to new WE materials to determine their optimized 

protocol and exploit their full potential. New materials can also be tailored for a specific material 

change and activation. 

Lastly, the electrochemical conditioning is performed at industrially more relevant conditions 

to address the question:  

3.1. Is the electrode activation by electrochemical conditioning transferable to 

industrially more relevant conditions (12 cm2 mesh electrode, separator, 30 wt% 

KOH, 80 °C)? 

Considering a successful transfer of the electrochemical conditioning to industrially more 

relevant conditions, applying this technology and possibly also in-situ (re)activation of 

electrodes in large-scale electrolyzers becomes more conceivable. Through its application to 

the right pre-catalysts, the cell potential is aimed to be reduced. Considering that a 2.5-3% 

reduction in power consumption might be achievable by the implementation of electrochemical 

conditioning and that enormous amounts of electricity are required, electrochemical 

conditioning as an anode manufacturing technique could make a significant difference. 

Reactivation of the anodes can prolong their lifetime, which would not only save investment 

costs but also resources. Further, the toolkit for anode manufacturing is enlarged by a very 

simple and versatile technique, which can be added to an existing manufacturing process, 

substitute a certain step, or it can be performed as a stand-alone process. Thus, 

electrochemical conditioning might be able to simplify and reduce costs in the anode 

manufacturing, which is responsible for the largest share of the electrolyzer cost.   
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4. Experimental Section 

4.1. Materials and Methods 

In this work, the experiments were conducted at RT (typically ranging between 20-24 °C) and 

ambient pressure, if not stated otherwise. The potentials obtained from the electrochemical 

experiments are reported 100% IRu corrected and vs. RHE (see appendix for potential 

conversion into RHE scale) and all data was plotted by OriginPro, if applicable. 

All materials and chemicals utilized for the experiments and the materials required for the 

assembly of the iEFC and the flex-E-cell are listed in Table S1-Table S3 in the appendix. Table 

S4 and Table S5 show an overview of the devices and software used in this work for data 

generation and analysis. Table 4.1 summarizes the applied electrode configurations and 

potentiostats for the respective electrochemical procedure. 

Table 4.1. Electrode configuration and potentiostat assignment to the respective electrochemical procedure. 

Electrochemical procedure Electrode configuration Potentiostat 

Experimental validation of the 

iEFC Simulations in iEFC 

RE: Hg/HgSO4, WE: glassy 

carbon, CE: glassy carbon 

Gamry Interface 1010E 

EIS Measurements for the 

Investigation of the Electrode 

Positioning in iEFCs 

RE: Hg/HgO, WE: Ni99.0,  

CE: glassy carbon 

Gamry Interface 1010E 

Determination of the Active 

Surface Area with Ta in iEFC 

RE: Hg/HgSO4, WE: Ta,  

CE: glassy carbon 

Gamry Interface 1010E 

Investigation of Electrochemical 

Conditioning 

iEFC: RE: Hg/HgO, WE: Ni-

(Fe)-plates/rods, CE: glassy 

carbon, Ni 

flex-E-cell: RE: Hg/HgO, WE: 

Ni-(Fe)-plates, CE: Ni99.2 

iEFC: Gamry Interface 1010E, 

Gamry Reference 3000 

FTacV in iEFC: Biologic VSP-

300 

flex-E-cell: Gamry Reference 

3000 + Booster 

The chemicals and materials were used as is without any purification. The electrodes and 

electrolyte were prepared as follows:  

Electrode Preparation 

Throughout this work, different WEs and CEs were tested in multiple procedures. Here, the 

electrode materials’ compositions are in wt% and noted as subscript (Ni70Fe30 = 70 wt% Ni, 

30 wt% Fe), if not stated otherwise. For electrode preparation, the electrode was ground (7000 

grit size), polished with an alumina-water-slurry (either with a polishing machine or manually 

with polishing pads) with decreasing grain size (1 µm, 0.3 µm, 0.05 µm), ultrasonicated in 

ultrapure water for 5 min, and dried. 

Electrolyte Preparation 

1 M KOH was prepared from ultrapure water and KOH pellets. Depending on the KOH pellets 

batch, the amount of Fe varied. For the experiments with a low Fe content, a batch with an Fe 

concentration of approx. 10±5 ppb was chosen. For the standard experiments and those with 

higher Fe concentration, the Fe concentration was adjusted to 110±10 ppb or 950±10 ppb, 

respectively. This was done by adding Fe in diluted HNO3 in the form of an ICP-OES calibration 
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standard. The Fe concentration in the electrolyte was determined by Inductively Coupled 

Plasma Optical Emission Spectroscopy (ICP-OES).  

0.1 M HClO4 was prepared from ultrapure water and 70% HClO4.  

 

4.2. Setups 

4.2.1. In-situ Electrochemical Flow Cell 

In this work, the in-situ electrochemical flow cell (iEFC) with 1 cm2 parallel electrodes for online 

downstream analysis of the electrolyte was designed. It was used to validate the simulations 

of the iEFC and to investigate the electrochemical conditioning of electrodes. Different versions 

of the iEFC were employed throughout this work, which are shown in Figure 4.1. The materials 

used in the iEFC are listed in Table S2 in the appendix. 

Figure 4.1 shows that in the iEFC, the CE and WE are placed parallel in a rectangular channel 

between the inlet and outlet with an electrode spacing of a) 1 mm and b-d) 3 mm. This results 

in a) a 10 x 1 mm and b-d) a 10 x 3 mm channel cross-section over the WE. The in- and outlet 

channels enclose an angle of a) 60° and b-d) 120°. The rectangular-shaped channels merge 

into round channels with a diameter d of 2 mm toward the tube connections. The CE is 

electrically contacted by a brass rod (d = 4 mm) and Ag-containing conductive adhesive. A 

1 x 1 x 0.1 cm glassy carbon electrode was used as CE, if not stated otherwise. For design A, 

the CE is seamlessly inserted by adhesive, and for B-D, the CE is embedded in a 3D-printed 

holder (see detailed description below). The WE is electrically contacted by a 0.5 mm thick Cu 

sheet and Ag-containing conductive adhesive. To define its surface area and positioning, the 

WE is embedded in epoxy (CaldoFix-2 for 1 M KOH, RT and EpoHeat CLR for 30 wt% KOH, 

80 °C) into a 3D-printed form (a) 20 x 25 x 10 mm, b-d) 20 x 30 x 10 mm). A detailed 

description of the preparation is explained below. A RE with a 6 mm diameter can be placed 

in the inlet channel for d). For a) and c), the RE sits in a reservoir connected to the inlet channel 

via a) a 1 mm and c) a 1.5 mm wide capillary. In the iEFC design B, a miniRHE from Gaskatel 

(d = 1.6 mm, length: 3 or 4 cm) is placed in the inlet. The advantages and disadvantages of 

the respective RE positioning are discussed in chapter 5.1.4. The EFC is 3D-printed. For 1 M 

KOH and RT, all parts can be printed in VeroClear, which has material properties similar to 

polymethyl methacrylate.[88] For 30 wt% KOH and 80 °C, the top-part of the EFC, the CE-

holder, and the CE-screw are 3D-printed in AR-H1 or AR-M2. Due to the performed material 

tempering for AR-H1, the threads must be recut after printing. 
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Figure 4.1. Versions of the herein-designed iEFC with parallel 1 cm2 WE and CE. Design A: 60° between channels, 
electrode spacing of 1 mm, introduction of RE with a 6 mm diameter in a reservoir, seamless insertion 
of CE by adhesive. Design B: 120° between channels, electrode spacing of 3 mm, prolonged 
connecting middle section, introduction of miniRHE in the channel, introduction of exchangeable CE 
by screw. Design C: 120° between channels, electrode spacing of 3 mm, prolonged connecting middle 
section, introduction of RE with a 6 mm diameter in a reservoir, introduction of exchangeable CE by a 
nut. Design D: 120° between channels, electrode spacing of 3 mm, prolonged connecting middle 
section, introduction of RE with a 6 mm diameter in channel, introduction of exchangeable CE by 
screw. As an example, the cell in d) is fully assembled with tube connections, the embedded WE, and 
the bottom part of the EFC, which is attached to the top with screws. All cells feature a channel diameter 
of 2 mm. WEs are embedded in epoxy. For b-d), the CEs are embedded as well. 

Figure 4.2 shows exemplarily the integration of the iEFC into the experimental setup for 

investigating the electrochemical conditioning of electrodes. The iEFC is assembled and 

sealed with 0.8 Nm. The electrolyte can run in a single-pass into an electrolyte waste or can 

be circulated from a PTFE electrolyte reservoir. It is important to note that a pump with little 

pulsation needs to be chosen and placed behind the iEFC to minimize the influence of pump 

pulsation on the electrochemical measurement. Herein, a peristaltic pump with 12 rolls 

(Ismatec Reglo Digital Pump or Masterflex L/S + 12-rolls-4-channel-pump-head) was used. 

The electrolyte reservoir can be purged with Ar or N2 to increase reproducibility.  
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Figure 4.2. a) Schematic experimental setup for the investigation of electrode conditioning of 1 cm2 electrodes for 
the alkaline OER. Electrolyte can either flow in a single-pass or be circulated from an electrolyte 
reservoir. b) Picture of the experimental setup. A: Electrolyte reservoir, B: iEFC, C: Peristaltic pump, 
D: Electrolyte waste, E: Potentiostat. [b) is adapted from H. Ingendae’s master thesis][89] 

Fabrication of embedded WEs 

WEs are embedded into a 3D-printed holder, as illustrated in Figure 4.3. Here, the 

implemented structures aid in the central positioning of the WE. The holder is placed on 

adhesive tape with the 1 cm2 WE in the middle. Ag-containing adhesive is attached to the WE, 

the Cu sheet is introduced through the cut-out in the holder, and this combination is annealed 

at 60 °C for 2 h. The cut-out is covered by epoxy adhesive (UHU 2-component epoxy adhesive 

or CaldoFix-2 or EpoHeat CLR). The embedding material is filled into the form with a syringe. 

In order to ensure that epoxy covers the entire bottom, epoxy is filled in on one side and, by 

tilting, is distributed evenly. After annealing the epoxy, the adhesive tape is removed when still 

warm to minimize adhesive remains. 

 

Figure 4.3. Schematic procedure to fabricate embedded WEs. The structure of the 3D-printed WE-holder ensures 
the central position of WE. The WE is electrically contacted by a Cu sheet and Ag-containing 
conductive adhesive. Embedding material is filled into the WE-holder, which is sealed at the bottom 
by adhesive tape. 
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Fabrication of exchangeable CEs 

To fabricate the exchangeable CE, the CE is first electrically contacted by a metal rod 

(d = 4 mm) and Ag-containing conductive adhesive, as illustrated in Figure 4.4. The depicted 

tool ensures the central position of the WE. After annealing at 60 °C for 2 h, the contacted CE 

is placed on adhesive tape with the 3D-printed CE-holder surrounding it. This assembly is fixed 

by embedding. Deformation from embedding material leakage during annealing can occur for 

the CE as well as WE preparation, which can be corrected by grinding after annealing.  

 

Figure 4.4. Schematic procedure to fabricate an exchangeable CE. First, the CE is electrically contacted by a 
metal rod and Ag-containing conductive adhesive, and afterward, the CE-holder-assembly is fixed by 
embedding. 

 

4.2.2. flex-E-cell 

For the investigation of electrode conditioning at industrially more relevant conditions, the flex-

E-cell was used and adjusted for studying AWE electrocatalysts. Figure 4.5 shows the design 

of the flex-E-cell for AWE studies on plate (Design PLATE) and mesh electrodes (Design 

MESH). Here, only half-cells are shown, and the full cell is obtained when mirroring at 

component G or B/F depending on whether a separator is used. Zirfon 500 UTP with a 

thickness of 0.5 mm was herein used as a separator and can be introduced by placing it in a 

gasket of the same thickness. In the flex-E-cell, the 12 cm2 WE and CE are parallel to one 

another and contacted by a 0.1 mm thick Ni foil. The electrode surface area of the built-in 

plates (60 x 40 x 1 mm) and meshes (60 x 40 x 0.5 mm) is defined to 12 cm2 by the gaskets B 

(Design PLATE) or F (Design MESH).  The currents are normalized to this projected area of 

12 cm2, which corresponds to a geometric surface area of 18.5 cm2 for the mesh electrodes 

when considering both electrode sites. The geometric area of the mesh electrodes was 

determined by graphically measuring the dimensions from a microscope image. This was done 

for three different 1 cm2 mesh electrodes and the obtained values were averaged, resulting in 

0.77 cm2. In the flex-E-cell, the electrolyte flow is defined for each half-cell as indicated by the 

blue arrows. If a separator is introduced and two half-cells are operated, the total flow rate for 

the full cell doubles compared to the undivided cell. The electrolyte flows through the flow 

frame, which consists of 5 Santoprene gaskets with a thickness of 0.5 mm, two bridges, and 

an in-/outlet spacer with a strut distance of 2.5 mm. For mesh electrodes, the flow frames are 

placed behind the electrode, and instead, a 0.5 mm gasket is added between the electrode 

and separator. This results in a gap between the mesh electrodes of 1.5 mm with a separator. 

For plate electrodes, the spacing between the WE and CE is 2.5 mm for an undivided cell and 
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5.5 mm with a separator. To ensure cell tightness, a 1 mm thick housing gasket A is introduced 

to avoid electrolyte contact with the housing, PTFE (hard component) and Santoprene (soft 

component) gaskets are applied alternately in the cell, and a tightening force of 10 Nm is 

applied. The utilized materials in the flex-E-cell are listed in Table S3 in the appendix. 

 

Figure 4.5. Cell design of the flex-E-cell for studying AWE electrocatalysts with a) plate (Design PLATE) and b) 
mesh (Design MESH) electrodes. A: Housing gasket, B: Flow frame, C: Nickel foil contacting, D: 
Mesh/Plate electrode, E: Electrode gasket, F: Spacer gasket, G: Separator gasket. Yellow: Santoprene 
gaskets, Grey: PTFE gaskets. [adapted from J. Schmitt’s master thesis][90] 

Figure 4.6 shows the integration of the flex-E-cell into the experimental setup. The electrolyte 

is circulated from a PTFE electrolyte reservoir, where the RE is positioned. Due to the high 

flow rates, that were required, a peristaltic with 4 rolls was chosen (Masterflex + EasyloadII) 

for this work. To minimize the influence of pulsation on the electrochemical measurement, the 

electrolyte needs to be pulled through the flex-E-cell. The electrolyte reservoir is purged with 

N2 to increase reproducibility. For precise temperature control, thermocouples are positioned 

at the inlet and outlet of the cell, and the tubing is insulated to prevent heat loss. 
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Figure 4.6. a) Schematic experimental setup for the investigation of electrode conditioning of 12 cm2 electrodes 
for the alkaline OER at industrially more relevant conditions. A cell configuration with separator and 
plate electrodes is shown. If operated in the undivided mode, the dashed lines are omitted. The 
electrolyte is circulated from an electrolyte reservoir through the flex-E-cell. Thermocouples are 
implemented at the in- and outlet. b) Picture of the experimental setup. A: Peristaltic pump, B: 
Electrolyte reservoir, C: Thermocouples, D: flex-E-cell, E: Heating plate, F: Potentiostat, G: Booster. 
[b) is reprinted from J. Schmitt’s master thesis][90] 

 

4.3. Procedures  

4.3.1. Simulative 

In order to design the iEFC, the distribution of fluid flow velocity, reactant concentration, and 

species flux were simulated with COMSOL Multiphysics for different cell geometries. The 

simulations and data analysis were performed by C. Marcks, partly during his master thesis.[91] 

The approach for modeling the fluid flow velocity, reactant concentration, and species flux at 

the electrode in an EFC is based on previous works on the KL analysis for the oxygen reduction 

reaction in the SFC.[38] All relevant model parameters are summarized in Table S6 in the 

appendix. 

The simulation modeled a laminar aqueous flow, which was coupled to the transport of diluted 

species. The electrolyte flow was modeled by incompressible (∇u = 0) Navier-Stokes 

equations and solved for fluid flow velocity and pressure:  
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𝜌
∂𝒖

∂𝑡
+ 𝜌(𝒖 ⋅ ∇)𝒖 = ∇[−𝑝𝑰 + 𝜇dyn(∇𝒖 + (∇𝒖)T)] + 𝑭. (4.1) 

with the density of the fluid ρ, the flow velocity field u, the time t, the Nabla Operator ∇, the 

pressure p, the unity matrix I, the dynamic fluid viscosity μdyn, and a volume force on the system 

F. 

Here, a negligible external force on the system (F = 0) and a stationary state (∂u/∂t =0) were 

assumed. 

The concentration field of reactive species was calculated by the Nernst-Planck equation, 

neglecting the migration of ions in the electrical field: 

∇ ⋅ (−𝐷∇𝑐) + 𝒖 ⋅ ∇𝑐 =
∂𝑐

∂𝑡
+ 𝐾. (4.2) 

where K is a volumetric homogeneous reaction rate. 

To solve equation (4.2), a steady-state regime (∂c/∂t = 0) and that no homogeneous reactions 

occur (K = 0) is assumed. 

To solve these equations, boundary conditions were introduced. For the hydrodynamic flow 

equations, the flow velocity at the fluid-wall interface was set to zero (no-slip condition). The 

laminar flow boundary condition was defined with an average flow velocity at the inlet and 

atmospheric pressure at the outlet. For the species transport equations, no flux was assumed 

at the walls including in- and outlet. A constant inflow concentration of active species cinlet was 

defined as an inlet boundary condition, while the backflow of the species at the outlet was 

suppressed. At the electrode surface, the flux of reactive species was modeled according to a 

first-order, Butler-Volmer-like reaction kinetic: 

𝐽BV = −
𝑖0𝑐

𝐹𝑧𝑐inlet
exp (−

α𝐹

𝑅𝑇
𝜂) (4.3) 

with the species flux J, exchange current density i0, charge transfer coefficient α, universal gas 

constant R, temperature T, and overpotential η. 

The kinetic and electrolyte parameters were set comparable to those found in the oxygen 

reduction reaction, resembling an irreversible and slow first-order electrochemical reaction. 

Thus, the species flux is defined as negative since the simulated reaction is a reduction 

reaction of first order. Normalizing the concentration is necessary to account for mass transport 

effects at large overpotentials.  

All simulations were performed using Finite Element software COMSOL Multiphysics 5.6, with 

the model geometry constructed in Autodesk Inventor 2021. For meshing the flow cell model, 

two different sets of finite elements were used. Since high concentration gradients were 

expected at the electrolyte-electrode interface, a set of two-dimensional triangular elements 

was chosen for the electrode. For the remaining geometry, tetrahedral elements with a pre-

defined size were used. The transition zones between high-resolution triangular elements and 

lower-resolution tetrahedra were optimized by using the COMSOL Multiphysics integrated 

meshing script. To exclude the influence of the mesh on the simulation results, the maximum 

element size was gradually reduced until the current became independent of the mesh 

refinement. For more details regarding the simulation model and the mesh independence study 

please see chapter 9.2.1 in the appendix.  
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The model was solved for the velocity field u, the concentration c, and pressure p using the 

default steady-state solver for flow and concentration and a segregated solution sequence. 

The flow rate at the inlet was varied in the simulation between 0.03 mL min-1 and  

9.18 mL min-1 for the flow geometry of the SFC, V-EFC, and final herein-designed iEFC. For 

the simulation of the iEFC’s preliminary flow geometry with a reduced cell width of 0.25 cm 

(see Figure 5.3), the volume flow was varied between 0.007 mL min-1 and 1.829 mL min-1. 

Please note that the model geometry was divided in half by a symmetry plane and only half of 

the model geometry was simulated to save calculation time. The specified flow rates are, 

hence, defined for half of the inlet’s cross-section. The overpotential was swept from 0.3 V to 

1.5 V in 0.05 V potential steps, and ohmic losses were not considered in the simulation. To 

evaluate the Levich analysis for EFCs and the KL relation for the different EFC designs, the 

resulting average flux at the electrode was translated into the respective current by 

multiplication with z and F.  

All data processing was performed with custom MATLAB scripts. Exemplary polarization 

curves and the respective KL plot can be seen in Figure 4.7. Ikin,sim can be read as the inverse 

of the y-axis intercept of the fitted KL plot and converted into the respective current density 

ikin,sim. For the Levich analysis, ilim was plotted against u0
1/3 to verify the linear relation. Here, it 

needs to be noted that while the simulated limiting currents all follow the expected Levich 

relation (Ilim ∝ u0
1/3), their absolute values deviate from the analytical solutions, which can be 

calculated with the equations from Scherson et al.,[43] Compton et al.,[45] and O’Neil et al.[44] 

This discrepancy likely arises from simplifications in the numerical model and residual mesh 

dependency, leading to an overestimation of mass transport. However, since the expected 

proportionality (Ilim ∝ u0
1/3) was reproduced, the main conclusions regarding the mass-transport 

behavior remain valid. 

 

Figure 4.7. a) Simulated polarization curves for the final iEFC design at an inlet volume flow between 0.04-
9.18 mL min-1 (for half of the inlet’s cross-section), obtained from the species flux at the electrode area 
by multiplication with z and F. Overpotentials range from 0.3 V to 1.5 V and are plotted as negative 
values. b) KL plot for the final iEFC design at η = 0.85 V. The black line indicates the linear fit of the 

simulated data points. The KL slope amounts to 0.99 and the y-axis intercept (1/Ikin) to 1.20 mA-1. 
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4.3.2. Electrochemical 

Experimental Validation of the iEFC Simulations 

To experimentally validate the applicability of the Levich analysis for EFCs and the KL equation 

for the herein-designed iEFC, shown in Figure 4.1a, the kinetics of the ferricyanide reduction 

was investigated at different flow rates. Before the experiment, the embedded WE was 

polished and cleaned according to the above-described standard procedure without the 

grinding step. A Hg/HgSO4 RE and 10 mM K3[Fe(CN)6] in 0.1 M HClO4 as electrolyte were 

used. From the Ar-purged reservoir with a volume of 200 mL, the electrolyte ran through the 

flow cell and into an electrolyte waste at different flow rates (0.5, 1, 1.2, 1.3, 1.4, 1.5, 

2 mL min-1). The electrolyte volume in this reservoir was kept constant over the course of the 

experiment by redosing with the same flow rate. For each flow rate, the electrolyte resistance 

was determined by electrochemical impedance spectroscopy (EIS) (10 Hz – 300 kHz, 

10 mV rms) at open circuit potential (OCP), and three linear sweep voltammograms (LSV) from 

0.8 to 0 V vs. RHE at 2 mV s-1 were performed. All data was processed with a custom MATLAB 

script. 

 

EIS Measurements for the Investigation of the Electrode Positioning in iEFCs 

To investigate the applicability of EIS depending on the relative electrode positioning in 

different iEFC designs (see Figure 5.8 in chapter 5.1.2), EIS measurements were performed 

in 1 M KOH with a Ni WE (99.0%, Goodfellow). First, the Ni plate WE was ground with 7000 

grit size, sonicated in ethanol and ultrapure water for five minutes each, dried, and assembled 

into the iEFC. A glassy carbon CE as rod (d = 1 mm) or 1x1 cm plate, a Hg/HgO RE, and a 

flow rate of 1 mL min-1 were applied. The WE was conditioned by CV (1-1.45 V vs. RHE, 

10 mV s-1, 50 cycles). Following, EIS was performed between 300 kHz and 10 Hz at OCP with 

an amplitude of 10 mVrms and 10 points per decade.  

 

Determination of the Active Surface Area with Ta in the iEFC 

The active surface area of the WE was determined by irreversibly oxidizing a Ta WE. The 

standard WE (Ta, 18 x 24.4 x 0.5 mm) preparation was extended by a preceding grinding step 

with increasing grit size (2500, 5000) and ultrasonication in ethanol prior to the one in ultrapure 

water. The active surface area was then defined with a) insulating spray or b) adhesive PTFE 

with a 1 x 1 cm cutout. To apply the insulating spray, the active surface area was taped. The 

PTFE foil was cut with a cutting machine and pressed onto the electrode with a hot press (3-

4 Nm, T = 21 °C). The electrodes were assembled into the iEFC, incl. a Hg/HgSO4 as RE. The 

electrolyte HClO4 (75 mL, c = 0.1 mol L−1) was circulated at a flow rate of ≈ 5 mL min−1. The 

applied electrochemical protocol consisted of applying an OCP (30 s, ± 1mV) followed by LSV 

(0-12 V vs. RHE, 100 mV s-1, step size 1 mV) and two chronoamperometries at 12 V for 3 min. 

As a result, Ta oxidized irreversibly to form a brown oxide layer. The dimensions of the 

discolored surface were measured manually with a digital caliper. 

 

Investigation of Electrochemical Conditioning 

The experiments to investigate the electrochemical conditioning at lab-scale were conducted 

in one of the herein-designed iEFCs, shown in Figure 4.1. A Hg/HgO RE and different 1 x 1 cm 
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Ni-(Fe)-plate WEs were used. The WE was prepared according to the standard procedure 

described in chapter 4.1. For the experiment, the flow cell was aligned vertically for efficient 

gas removal from the electrodes. From the Ar- or N2-purged PTFE reservoir, the electrolyte, 

1 M KOH with the desired Fe content, ran through the flow cell in a single-pass with a volume 

flow of 1 mL min-1 (Design A, 1 mm electrode spacing, Figure 4.1a) or 3 mL min-1 (Designs B-

D, 3 mm electrode spacing, Figure 4.1b-d). For conditioning times longer than 30 min, the 

electrolyte was circulated and not purged with inert gas to save resources. No significant 

increase in irreproducibility was observed, as discussed in chapter 5.1.5. A schematic overview 

of the applied electrochemical protocol can be seen in Figure 4.8a.  

The electrochemical protocol consisted of the conditioning and an activity measurement before 

and after. This activity was determined by first performing EIS at OCP (100 kHz-10 Hz, 

10 mVrms), followed by CV (1.0-1.6 V, 3 cycles) at 5 or 10 and 100 mV s-1, and a CP at 

10 mA cm-2 for 10 min and at 100 mA cm-2 for 1 or 5 min. During the electrochemical 

conditioning, constant polarization (OCP and CP at 100 mA cm-2) and potential cycling were 

tested as conditioning modes. For the CV conditioning, the upper and lower potential limit, 

scan rate, hold time at the upper or lower potential limit, and total time or rather number of CV 

cycles were varied. A schematic illustration of the varied parameters is shown in Figure 4.8b. 

For a greater understanding of the hold times at the upper and lower potential limit, Figure 4.8c 

schematically visualizes the potential profiles when CV conditioning is performed with a hold 

time of 4.4 s at the upper (1.6 V) and lower (0.5 V) potential limit. After the experiment, the 

iEFC was cleaned by rinsing first with ethanol and then with ultrapure water followed by 

ultrasonication in ultrapure water for 5 min. The cell was dried in N2 and stored in a plastic 

container. Note that different cleaning procedures were tested, such as variations of rinsing 

and sonicating in diluted HNO3, ethanol, and ultrapure water. However, the 3D-printing and 

embedding materials were very sensitive toward sonication in diluted HNO3 and ethanol. 

Further, AR-H1 cannot be rinsed with ethanol as it becomes cloudy, which hinders the 

identification of trapped gas bubbles. 

For the investigation of the electrochemical conditioning at an industrially more relevant scale 

in the flex-E-cell, the same procedure was applied with few differences. Here, the potentiostat 

booster attached to the Gamry Reference 3000 was required to achieve the high current 

densities. Regarding electrode preparation, the plate WEs (60 x 40 x 1 mm) were polished with 

decreasing grain size only down to 0.3 µm. The Ni mesh electrodes were not polished. As CE 

Ni99.2 was used, and before each experiment, it was ground (2000 grit size), rinsed with ethanol 

and ultrapure water, ultrasonicated in ultrapure water for 5 min, and dried. Before each 

experiment, the flow was calibrated with water. A flow rate of 80 mL min-1 was applied per half-

cell (undivided cell: 80 mL min-1 total flow rate, divided cell: 160 mL min-1 total flow rate). 

Afterward, the cell was run with electrolyte (1 M KOH at RT; 30 wt% KOH at 80 °C) for 5 min. 

Regarding the electrochemical protocol, the activity measurement was slightly adjusted to CP 

at 10 mA cm-2 for 10 min, 100 mA cm-2 for 5 min, and optionally 500 mA cm-2 for 5 min. The 

CP at 500 mA cm-2 was only carried out in the case of a divided cell (Design PLATE) at 

industrial KOH concentration and temperature. 
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Figure 4.8. a) Schematic overview of the applied electrochemical protocol. The protocol consists of five blocks. 
First, the electrolyte resistance is determined by applying OCP followed by EIS (100 kHz-10 Hz, 
10 mVrms) at OCP. LSV ramps up the potential to 1 V vs. RHE. In the second block, the activity of the 
electrode is determined by three repeating CVs at 5/10mV s-1 and 100 mV s-1 (1-1.6 V, 2.5 mV step 
size, noise reject), and a CP at 10 mA cm-2 for 10 min, 100 mA cm-2 for 1/5 min, and optionally 
500 mA cm-2 for 5 min. Conditioning by OCP, CP, and CV (E = –0.35-1.6 V, ν = 10-500 mV s-1, t = 0.5-
12 h, step size = 2.5 mV) is performed in the third block. After that, blocks 1 and 2 are repeated. b) 
Schematic illustration of the parameterization of the electrochemical CV conditioning. The upper Eupper 

limit and lower Elower limit potential limit, the scan rate v, the hold time thold at the upper and lower limit, 
and the overall time t or rather number of cycles NCV were varied. c) Schematic potential profile of the 
CV conditioning with a hold time of 4.4 s at the upper (1.6 V) and lower (0.5 V) potential limit, 
respectively. 

Data analysis was done with Echem Analyst and Microsoft Excel. For the experiments in the 

iEFC, potentials are 100% IRu-corrected with the resistance from the respective EIS 

measurement before or after the conditioning. For the experiments in the flex-E-cell, the 
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reported potentials are not corrected for the IRu-drop because reliable EIS could not be 

obtained. As an evaluation parameter of the conditioning efficiency, the activation by 

conditioning was defined as the difference between the potentials at 10, 100, and  

500 mA cm-2 before and after conditioning, as seen in equation (4.4): 

∆𝐸10/100/500 = 𝐸̅10/100/500,after − 𝐸̅10/100/500,before (4.4) 

The potentials, measured before and after conditioning, were averaged over the measurement 

of at least 100 s, resulting in 𝐸̅. An increase in activation results in a negative E10/100/500 

(E10/100/500,after < E10/100/500,before). For better readability, –E10/100/500 is plotted. Each experiment 

was performed at least three times, from which the average and the standard deviation were 

calculated. For the standard deviation, the data set was assumed to be a random sample.  

To gain a deeper understanding of the occurring surface processes and their correlation to the 

activation, the Ni(II)/Ni(III) redox peak of the conditioning and activity CVs at 100 mV s-1 was 

evaluated. The peak areas of the oxidative and reductive peak were integrated using the 

Echem Analyst. Integration was often difficult as the redox peaks partly overlayed with the 

OER current and the baseline definition was not always clear. Figure 4.9 shows exemplary 

how integration was done. The baseline was defined as an extension of the oxidative or rather 

reductive capacitive current. The integration limits (IL) were set close to the cross-section of 

the baseline with the CV but were adjusted to account for overlaying processes or when no 

stable capacitive current could be determined. When the oxidative or reductive peak overlayed 

strongly with the OER, as seen in Figure 4.9 for the oxidative peak, only half of the peak was 

integrated, and the obtained area was doubled afterward. As this integration method is very 

error-prone, the resulting peak areas need to be considered with great care. 

 

Figure 4.9. Schematic illustration of how the Ni(II)/Ni(III) redox peak was integrated. The baseline was defined as 
an extension of the oxidative or rather reductive capacitive current. Between the integration limits (IL) 
the peak was integrated. In case of an overlap of the redox peak with the OER, only half of the redox 

peak was integrated and the obtained area was doubled afterward. 
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4.4. Analytics 

In the following, the conducted in-situ and ex-situ characterization techniques will be 

introduced. For the ex-situ electrode characterization after the electrochemical experiment, the 

electrodes were rinsed with ultrapure water, dried, and covered with Kapton tape for storage 

or transport. For the inhouse analytic characterization (Scanning Electron Microscopy, Energy 

Dispersive X-ray Spectroscopy, optical microscopy), the samples were either directly 

measured or stored under vacuum for a maximum of five days. For characterization by project 

partners (Fourier Transform Infrared Spectroscopy, X-ray photoelectron spectroscopy), 1 cm2 

Ni99.99 and Ni70Fe30 plate electrodes were glued onto the embedded WE of the same 

composition by Ag-containing conductive adhesive for the experiment. After the 

electrochemical experiment, they were removed, cleaned, packed, shipped, and measured 

also up to five days after the electrochemical experiment. 

 

4.4.1. Scanning Electron Microscopy and Energy Dispersive X-ray 

Spectroscopy 

In Scanning Electron Microscopy (SEM), the sample is scanned with a focused electron beam 

to generate a high-resolution image of the sample’s surface with up to 500,000  magnification. 

Thus, surface structures between a few nm to mm can be analyzed. When the electron beam 

hits the sample, part of the incident electrons is backscattered and another removes electrons, 

which leave the sample as so-called secondary electrons. The number of detected secondary 

electrons depends on the surface morphology. For example, if the electron beam hits the 

sample at a 90° angle the impact area is circular. At a sloped surface, the impact area is 

enlarged and, thus, more secondary electrons are detected. This relation is used to create a 

topographical image of the sample’s surface.[92]   

Energy Dispersive X-ray Spectroscopy (EDX) is often coupled with SEM as it also uses a 

focused electron beam for sample excitation. In scanning EDX, the elemental composition of 

the sample is spatially resolved. The removal of core electrons by the electron beam creates 

vacancies, which are filled by electrons from higher energy levels. If an electron transitions 

from a higher to a lower energy level, a photon (X-ray) with the respective energy difference 

will be released. As these electron transitions are element-specific, the element composition 

can be determined by detecting the wavelengths of the emitted photons.[93] 

In this work, microstructural analysis of the electrodes was conducted by SEM using a Hitachi 

Schottky SU5000 FESEM. 3,000x magnification and an accelerating voltage of 15 kV was 

used. Elemental compositions were determined using a Bruker EDX, coupled to the SEM, with 

the accelerating voltage set to 15 kV. 

 

4.4.2. Optical Microscopy 

Optical microscopic images of the electrodes were taken by the Keyence VHX7000 

microscope with a VHX-7100 head at a 20x magnification (VHX-E20, X20), using a 4K-CMOS 

camera. The head of the microscope was tilted to capture the reflecting properties of the 

electrodes. The illumination could be varied between ring (full, partial from four different 

directions), coaxial, and mixed illumination. Two illumination modes were used: full-ring 

illumination measured at an angle of 12° and coaxial illumination measured at a 0° angle. 
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4.4.3. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) measures the elemental composition and the 

chemical and electronic state of the elements at a material’s surface with a measurement depth 

of approx. 10 nm.[94] Excitation of the sample occurs by X-rays at high vacuum conditions, 

which results in the ejection of core electrons if the photon energy e ceeds the electron’s 

binding energy (photoelectric effect). The kinetic energy of each ejected electron is measured, 

and the binding energy is calculated from that. The binding energy is characteristic of each 

element and its chemical state, such as oxidation state and chemical environment. The 

intensity of the signal at each binding energy corresponds to the number of ejected electrons 

from that element in the respective state. Thus, the various surface species such as  NiO, 

Ni(OH)2, etc. can be quantified.[95]  

XPS measurements were performed in collaboration with Julia Gallenberger (AG Hofmann) 

from TU Darmstadt with a hemispherical energy analyzer from SPECS (PHOIBOS 150) as 

part of the DAISY-FUN ultra-high vacuum cluster tool. The spectra were acquired using 

monochromatic Al Kα radiation (hf = 1486.74 eV, with the Planck constant h and frequency f) 

in fixed analyzer transmission mode. The binding energy calibration of the system has an 

accuracy of 0.1 eV and was done using sputter-cleaned Ag. The pass energy was 20 eV for 

the survey scan and 10 eV for the core level spectra and the step size was 0.3 eV and 0.05 eV, 

respectively. Data analysis was performed with CasaXPS, version 2.3.22.22.[96] For the 

samples, where Ni metal was present, the calibration was done with the valence band 

spectrum to the Fermi edge EF = 0 eV. All spectra that were used for quantitative analysis were 

fitted with a Shirley background. Peaks in the O 1s were fitted with a GL(30) line shape. The 

fitting of the O 1s spectra includes carbon and silicon compounds, the area of which was 

derived from the C 1s and Si 2p, respectively. For all intensity calculations, the relative 

sensitivity factors published by Scofield were taken.[97] 

 

4.4.4. Fourier Transform Infrared Spectroscopy 

In Fourier Transform Infrared Spectroscopy (FTIR), functional groups of (in)organic 

compounds and their molecular structure are identified by analyzing their absorption of infrared 

radiation. The chemical bonds within the material vibrate in their natural vibration modes. 

Vibrational modes can be differentiated into stretching and bending. Depending on whether 

the molecule is linear or not, 3S-5 (linear) or 3S-6 (nonlinear) vibrational modes are possible, 

with S being the number of atoms. For a vibrational mode to be IR active, it must induce a 

change in the molecular dipole moment. If a vibrational mode is IR-active, the molecule 

absorbs radiation at a specific wavenumber, resulting in a transition to a higher vibrational 

energy state. The wavenumber depends on the bond strength (single, double, triple) and the 

average mass of the participating atoms. The different IR-active vibrational modes of the 

molecule’s chemical bonds result in a characteristic fingerprint. Based on the Beer-Lambert 

law, the absorbance is directly proportional to the concentration of the molecule in the liquid or 

on the surface. Experimentally, the sample is irradiated and the reflectance or the 

transmittance of the sample is measured and the negative of it corresponds to the absorbance. 

In IR, monochromatic radiation is generated by a diffraction grating, which disperses the 

different wavelengths in space, and beam selection occurs by a slit. Wavelength variation is 

performed by changing the angle of the diffraction grating. In FTIR, irradiation occurs by 
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broadband radiation with simultaneous multi-wavelength measurement. An interferometer is 

used to vary the wavelengths of the radiation. The interferometer splits the initial broadband 

infrared beam into two by a beam splitter, which are directed to two mirrors. At the mirrors, 

they are reflected and recombined again at the beam splitter. One of the mirrors is moveable. 

Depending on the ratio of the mirrors’ distances to the beam splitter, different interference 

patterns result, with different wavelengths present. By the application of this interferometer, 

the data collection can be significantly enhanced. The resulting interferogram is converted into 

a spectrum by Fourier Transform (FT).[98,99]    

Herein, FTIR spectroscopy was done in collaboration with Julia Gallenberger (AG Hofmann) 

from TU Darmstadt with a VERTEX 80v FTIR spectrometer (Bruker) using a LN-MCT detector. 

Samples were measured on a monolayer/grazing angle specular reflectance accessory 

(Specac), at an incidence angle of 70 ° from 4000 to 400 cm-1. This monolayer/grazing angle 

reflectance accessory is a device to study thin films, monolayers, or coatings by reflection. The 

background scan was the polished Ni99.99 or Ni70Fe30 surface, respectively. Both sample and 

background scans (1000 scans each) were acquired with a scanner velocity of 40 kHz and a 

resolution of 4 cm-1. 

 

4.4.5. Inductively Coupled Plasma Optical Emission Spectroscopy 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) quantifies 

(semi)metals in liquids from a few ppb to 30 wt%. However, the lower detection limit depends 

on the element and measurement conditions.[100,101] 

The working principle of ICP-OES is based on the excitation of the sample in a high-

temperature Ar plasma and the emittance of radiation at element-characteristic wavelengths. 

How the spectrometer is operated can be seen schematically in Figure 4.10. The Ar plasma is 

generated by an Ar gas streaming through an induction coil, which operates at radio 

frequencies and creates a high-frequency electromagnetic field. The Ar atoms are ionized and 

a plasma with temperatures exceeding 10,000 K is obtained. The temperature of the plasma 

decreases from the flame’s core toward the edges, where temperatures can fall to as low as 

6,000 K. In order to introduce the liquid sample into the plasma, the sample is first nebulized 

into an aerosol using a stream of Ar gas, and larger droplets are removed in the spray chamber. 

The aerosol is carried into the plasma by another Ar stream. By the heat of the plasma, the 

sample is desolvated, atomized, excited, and ionized. More specifically, the excitation of an 

atom or ion elevates an electron from its energy level to a higher energy level or even removes 

it (ionization). As the excited atoms or ions return to their ground state, they emit photons at 

characteristic wavelengths, corresponding to the energy required for the respective transitions. 

The larger the distance between the energy levels, the higher the required energy and the 

shorter the wavelength of the emitted light. The intensity of light emitted at each wavelength is 

directly proportional to the number of atoms or ions undergoing the transition. For one element, 

different transitions are possible depending on the energy uptake. Due to the temperature 

distribution in the plasma flame, the various excitation processes occur in different regions of 

the flame. To selectively investigate certain excitations, the light emittance can be viewed 

radially and the viewing position can be adjusted along the vertical axis of the flame. If very 

small quantities are to be determined, the signal intensity needs to be maximized by applying 

axial viewing. The emitted light is dispersed by a diffraction grating in the spectrometer, 

enabling either simultaneous or sequential detection of multiple emission lines, depending on 



4   Experimental Section 

 

 

41 

the optical configuration and detector type. The relation between light intensity and element 

concentration is proportional and is quantified by calibration. It needs to be considered that the 

atom or ion excitation requires energy and decreases the temperature of the plasma. This 

stresses that the calibration is always required to be performed with the same sample matrix 

as the measurement. Potential sources for erroneous results in ICP-OES are (non-)spectral 

interferences. Spectral interferences refer to an overlap of the signal of the element (analyte), 

which is to be analyzed, with other elements in the sample. If possible interferences are known, 

they can be circumvented by considerate wavelength selection and post-background 

correction. Non-spectral interferences can occur due to a change in the sample transport, 

sample properties, nebulizer properties, nebulizer chamber aerodynamics, or excitation 

conditions of the plasma. The reason for this is the plasma temperature, which is sensitive to 

changes in these parameters. Introducing excessive sample quantities into the plasma can 

cause it to extinguish, as the energy is insufficient to support the processes of vaporization, 

atomization, and excitation. Working just below the extinguishing limit destabilizes the plasma 

and leads to poor reproducibility. It is, therefore, important to optimize the sample supply to 

ensure that the signal sensitivity is high enough and the plasma is not destabilized. For 

example, the standard sample introduction rate for a concentric nebulizer is around  

1 ml min-1.[102] To avoid or correct non-spectral interferences, using the same sample matrix 

for measuring and calibration, usage of an internal standard, and calibration by standard 

addition can help. When using an internal standard, it needs to be considered that a correction 

works only successfully if the interference affects all elements’ analytical lines in the same way. 

This is, however, not given for changes in the excitation temperature of the plasma as each 

line reacts differently. Thus, it is vital that the wavelength of the element of interest and the 

internal standard have comparable excitation energies.[102] 

 

Figure 4.10. Schematic illustration of the basic operating principles of an ICP-OES. [adapted from ref. [103] with 

permission from Elsevier] 

In this work, ICP-OES was performed with an Agilent 5800 VDV ICP-OES system with a 

concentric standard SeaSpray nebulizer, standard quartz torch, and humified Ar. Axial viewing 

was applied since concentrations in the ppb-ppm range were of interest. No extra 
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configurations were selected, such as O2 injection, drift correction, autosampler, etc. Table 4.2 

summarizes the operating parameters used for online and ex-situ characterization. It needs to 

be noted that the pump rate of 10 turns per minute corresponds to 1 mL min-1 for the white-

white coded tubing without plasma. Online ICP-OES was performed with the so-called time 

scan option. With the time scan option data is continuously recorded without the shutter of the 

detector being closed. The time resolution corresponds to the measuring time of a single data 

point since no repeats are done. The minimum measuring time is limited to 3 s. The data can 

be exported at every point of the measurement as csv-file, but it needs to be done manually.  

Table 4.2. Operating parameters for ex-situ and online ICP-OES. 

Parameter Ex-situ online 

Repeats x measuring time / s 3 x 30 1 (time scan) x 3 

Stabilizing time / s 25 0 

HF-Power / kW 1.2 1.2 

View Axial Axial 

Nebulizer gas flow / L min-1 0.65 0.65 

Plasma gas flow / L min-1 12 12 

Auxiliary gas flow / L min-1 1 1 

Background correction Automatic Automatic 

Pump rate / U min-1 10  10  

The element-characteristic wavelengths measured in different experiments of this work are 

listed in Table 4.3. When choosing the wavelength, at which the element is quantified, a high 

intensity and little interference with other elements are essential. Based on this, the elements’ 

wavelengths are ranked in the Agilent software. The wavelength with the highest intensity is 

usually ranked highest. Two to three wavelengths were measured for each element to be able 

to check the trends against each other. The wavelengths, that were ranked highest in the 

Agilent software, were selected. The highest-ranked wavelength was used for data processing, 

as indicated in Table 4.3. When measuring in 1 M KOH, insensitive wavelengths were chosen 

for K to avoid overloading the axial detector. Ar, marked as the internal standard, was 

determined as the temperature sensor of the plasma. Drifts in the Ar signal likely result in a 

shift of the other elements’ signals, falsely suggesting a change in element concentration. Drifts 

of the Ar signal can occur from a change in the sample matrix, too little stabilization time, or 

long-term plasma operation and a change in the Ar plasma temperature over time. 
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Table 4.3. Measured Ar, Ba, Fe, K, and Ni wavelengths with ICP-OES for online and ex-situ measurements. 

Material Wavelengths (nm) 

Ar 420.067 

Ba 455.408, 493.408 

Fe 238.204, 259.94 

K 404.721, 404.414 

Ni 231.604, 216.555, 

221.648 

For ex-situ ICP-OES to determine the Fe content in 1 M KOH, quantitative wavelength 

calibration was performed by adjusted standard addition. Calibration by standard addition is 

required when the sample matrix is complex and cannot be reproduced for the calibration 

standards or when the reproduced sample matrix for the calibration standards contains an 

unknown amount of the analyte. Here, the latter is the case. For calibration by standard 

addition, the calibration standards are made from the sample solution, and the analyte of 

interest is added in different amounts (addition A1-A3). It needs to be noted that the volume of 

the sample solution is fixed for all additions A0-A3 and its volume fraction of the total calibration 

solution should be as high as possible (> 90%). Figure 4.11 shows how the concentration of 

the sample can then be determined by extrapolating the calibration curve to the x-axis.[104] 

 

Figure 4.11. Schematic illustration of how to determine a sample’s analyte concentration when performing standard 
addition calibration. By extrapolating the calibration curve to the x-axis, the concentration of the sample 

is determined. 

In this work, the sample solution was not used as a solvent for the calibration standards, but 

any commercial 1 M KOH, which contained an unknown amount of Fe. The Fe concentration 

of the calibration standards was then adjusted to 10+x ppb, 100+x ppb, and 500+x ppb, with x 

being the unknown Fe concentration of the commercial 1 M KOH. In the Agilent software, the 

following calibration settings were chosen: calibration by standard addition, no consideration 

of a blank solution, the minimum correlation was set to 0.9, and the calibration error to 100%. 

No weighted fit was used. It is important to note that by choosing “calibration by standard 

addition” the first sample measured is defined as the blank sample solution (addition A0), in 

Intensity / a.u.

A0 A1 A2 A3

concentration / mol   1

sample
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this case, the commercial 1 M KOH. Between each (calibration) sample, ICP-OES was run 

with ultrapure water. When assessing the data, it is vital to ensure that the Ar-ratio (internal 

standard) is 1±0.1, indicating a constant plasma temperature during calibration and sample 

measurement.  

Online ICP-OES of the electrolyte coupled to the iEFC was applied to investigate the behavior 

of Ni99.99 and Ni70Fe30 as OER anodes in 1 M KOH. The WE electrode preparation, CE and RE 

choice, and cell assembly were employed according to the procedure described in 

Investigation of Electrochemical Conditioning in the iEFC in chapter 4.3.2. The electrolyte ran 

through the vertically aligned flow cell into the ICP-OES with 1 mL min-1 from the Ar-purged 

PTFE reservoir. Before starting the electrochemical protocol, a baseline of at least 5 min was 

recorded. The setup can be seen in Figure 4.12. The time required for the electrolyte to travel 

from the iEFC to the torch was determined by correlating the performed electrochemical 

operations to the observed concentration changes. Alternatively, a separate calibration 

experiment, such as Ni dissolution in 0.1 M HClO4, can be performed to correlate the 

electrochemical operation with the respective concentration change. In this case, it is important 

that the same tubing is taken for the calibration and the experiment of interest. Calibration (3 

points between 10-500 ppb [e.g. 10, 100, 500 ppb] + blank, in 1 M KOH, 5 min per calibration 

point) was performed separately, and ICP-OES was run with ultrapure water between the 

calibration points. The signal was averaged over 3 min. Data evaluation was done with a 

custom Python script. Spectra were smoothed with a moving average over 3 data points. If 

intense gas evolution was observed, the outlying data points were omitted with no trends 

modified. The Python script further offers the possibility of integrating the peaks with respect 

to the baseline between manually defined timeframes. 

In order to elucidate the peak smearing behavior when coupling the ICP-OES with the herein-

designed iEFC, a Ni dissolution experiment was conducted with a Ni99.99 WE, a glassy carbon 

CE, and a Hg/HgSO4 RE in 0.1 M HClO4. The experimental procedure as described above 

was conducted. Before the experiment, the CE was additionally ground (2500, 5000 grit size), 

ultrasonicated in ultrapure water for 5 min, and dried. The calibration was performed with 0.1 M 

HClO4 as solvent. As electrochemical protocol, an OCP was applied first, followed by CV 

conditioning (0.056-1.256 V vs. RHE, 200 mV s-1, 30 cycles), a 15 min pause, and 10x a CP 

at 1 mA cm-2 for 10 s with a 10 min pause each time. 

 

Figure 4.12. Picture of online electrolyte monitoring by ICP-OES during electrochemical operation in iEFC. 
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4.4.6. Fourier Transform alternating current Voltammetry 

Theoretical Background 

In Fourier Transform alternating current Voltammetry (FTacV), a sine wave with an amplitude 

and a frequency f is superimposed on a direct current (dc) ramp Edc = Et=0 + vt, as seen in 

Figure 4.13.[105–107]  

 

Figure 4.13. Schematic illustration of the applied potential in a FTacV. A sine wave is superimposed on a dc 

ramp. [adapted from ref. [106] with permission from American Chemical Society] 

If the amplitude is small, the current response will be pseudo-linear with respect to the potential 

and will give a single sine wave over time at the applied frequency. If the amplitude is large 

enough, non-linearity from charge transfer reactions is introduced. The resulting current over 

time can be represented by a sum of sinewaves each with a frequency at a multiple of the 

fundamental (applied) frequency. These sinewaves at the respective frequencies translate into 

the harmonic components. The data analysis process to filter out these harmonics is illustrated 

in Figure 4.14.  

 

Figure 4.14. Schematic representation of how to extract the harmonics from the measured total current during 
FTacV. a) Raw data from FTacV measurement is converted by FT into the b) power spectrum. Each 
harmonic is filtered by applying a window filter at a multiple of the fundamental (applied) frequency. 
IFT reconverts the data from the frequency in the time domain obtaining sinusoidal perturbations with 
a multiple of the fundamental frequency. The positive envelope of these sinusoidal perturbations gives 
the depicted c) dc voltammogram, d) fundamental, e) second, and f) third harmonics. The time domain 
is converted into the potential scale by E = Et=0 + vt. [adapted from ref. [106] with permission from 
American Chemical Society] 
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For data analysis, 2N data points are required, with N being an integer between 14-20. First, 

FT converts the current–time data into a power spectrum over frequency. Note that the time 

domain is converted into the potential scale by E = Et=0 + vt. Each nth harmonic is extracted by 

using a bandwidth (BW) filter (nf - BW < nf < nf + BW), which nulls the contributions outside 

this window.[105–107] This rectangular window can be convoluted with a Gaussian profile to 

minimize contributions at the edges of the window, also referred to as ’ringing’.[108] By inverse 

FT (IFT), the data is converted back to the time domain obtaining sinusoidal perturbations with 

a multiple of the fundamental frequency. The positive envelope of these sinusoidal 

perturbations gives the dc, fundamental, and higher harmonics.[105–107]  

The dc, fundamental, and higher alternating current (ac) harmonics are differently sensitive to 

(non-)linear processes. The dc and fundamental harmonic are more sensitive to linear 

processes such as capacitive current. Higher harmonics are mainly dominated by non-linear 

electrochemical processes such as electron transfers and are insensitive to contributions from 

slow electron transfers and background charging. Thus, FTacV is a tool to detect dc underlying 

processes, to separate overlapping processes based on differences in kinetics or linearity of 

response, and to determine the electrochemically active site density, turn-over-frequency, and 

kinetics of a redox reaction. dc Voltammetry can be used to determine E0 of the redox reaction, 

the catalytic current, the charge passed to quantify the number of species involved in the 

charge transfer, and to estimate the diffusion coefficient. From the fundamental harmonic, Cdl 

can be extracted, and from higher harmonics, the kinetic parameters, such as the reaction rate 

constant k0, the charge transfer coefficient, and the diffusion coefficient of the reactants. For 

that, the shape, position, and magnitude of the peaks in the harmonics are evaluated. These 

are affected by the scan rate, amplitude, and frequency of the FTacV and the uncompensated 

resistance Ru, double layer capacitance Cdl, and kinetics of the redox reaction. This complex 

interplay makes interpretation difficult and is often assisted by simulating the system.[105–107,109] 

Still, in the following, the effect of scan rate, amplitude, and frequency of the FTacV, as well as 

the uncompensated resistance, double layer capacitance, and kinetics of the redox reaction 

on the harmonics will be qualitatively described for a one-step charge transfer following: O* + 

e− ⇌ R*. Figure 4.15 gives an exemplary visual overview of different scenarios when varying 

Ru, Cdl, and k0. 
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Figure 4.15. Comparison of simulated a) fundamental and b) second harmonics from FTacV for a one-step charge 
transfer process with varying Ru, Cdl, and k0. [adapted from ref. [109] with permission from American 
Chemical Society] 

Uncompensated resistance 

The uncompensated resistance Ru reduces the absolute magnitude of harmonic currents. 

Further, it can distort the shape of the higher harmonics. Figure 4.15 illustrates in (I)a,d and 

(II)a,d this decrease in magnitude and an additional flattening of the fundamental and second 

harmonics with increasing Ru. The peaks of the second harmonic (Figure 4.15(II)a) move apart 

from one another with increasing Ru.[105–107,109] Previous reports further stated that for a very 

large Ru of 200 Ohm, peak splitting can be observed in the uneven higher harmonics (3rd, 5th, 

etc.).[107,110] Thus, knowledge of the Ru by independent determination is vital for 

interpretation.[105–107,109] 

Double layer charging capacity 

Capacitive currents add to the total current and lift the baseline in the dc and fundamental 

harmonic envelope, as seen in Figure 4.15(I)b. This increases the influence of the IRu drop on 

the harmonics.[106,109] Higher harmonics (> 1st) are usually insensitive to such a contribution 

from Cdl. However, it is also possible that capacitive currents change with potential, as shown 

exemplarily in Figure 4.16, producing a non-linearity, which induces a response in the higher-

order harmonics. This effect, however, usually occurs only up to the 3rd harmonic, allowing the 

fourth and higher harmonic components to remain unaffected by capacitive currents. The lower 

harmonics can also be corrected by empirically fitting the fundamental harmonic and 

incorporating the results for the experiment's simulation.[111]  
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Figure 4.16. Exemplary FTacV, showing the influence of a nonlinear background capacitance on a) total current, 
b) dc component, c) fundamental, d) 2nd, e) 3rd, and f) 4th harmonics. The presented data shows ac 
LSV for the oxidation of ferrocene monocarboxylic acid (0.087 mM) at a glassy carbon electrode in 
aqueous 1.0 M NaCl at 295 K. [adapted from ref. [111] with permission from American Chemical Society] 

Number of active sites, reaction rate constant, and charge transfer coefficient 

Regarding the influence of the reaction kinetics on the harmonics, it needs to be considered 

that the apparent reaction rate of a redox reaction is the result of the number of active sites, 

mass transport phenomena, and intrinsic activity (reaction rate constant, charge transfer 

coefficient). Applying FTacV with a low frequency to a comparably fast faradaic process, the 

process can be considered reversible and the harmonics are less sensitive to changes in the 

intrinsic activity. Instead, the magnitude of the harmonic peak grows as the number of active 

sites increases.[112] Applying FTacV with a high frequency to a relatively slow faradaic process, 

the process behaves quasi-reversible and the harmonics become highly sensitive to changes 

in the intrinsic activity. Compared to fast and reversible redox kinetics, slow kinetics (small k0) 

decrease the signal magnitude, can deform the harmonics, and shift the peak potential to 

higher potentials, as seen in Figure 4.15(I)c and (II)c.[107,109] For very large reaction rates 
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(reversible), the harmonic components are symmetrical. Smaller reaction rates (quasi-

reversible) and a current response sensitive to the reaction rate cause the symmetry of the 

even harmonics to be highly sensitive to the charge transfer coefficient. This sensitivity 

intensifies with higher harmonics.[107] A symmetrical harmonic implies a charge transfer 

coefficient α of 0.5 and a non-symmetrical an α smaller or larger than 0.5.[109] 

Scan rate and frequency 

To ensure that the dc and ac time scales do not overlap, the applied frequency needs to be 

sufficiently large compared to the applied scan rate. The higher the applied frequency is, the 

faster charge transfers can be analyzed. A low sine wave frequency would be sufficient to 

determine the reaction rate constant of a slow charge transfer process. For fast charge 

transfers, high frequencies are required.[106] A higher frequency improves the signal-to-noise 

ratio since the overall noise stays constant, but the noise is spread across more 

frequencies.[105] 

An overlap of the dc and ac time scales would be visible in the power spectrum by an 

exponentially decaying baseline instead of a horizontal line and a low harmonic contribution. 

In order to extract the harmonics in case of an overlap, the dc component can be 

experimentally fitted from the signal and subtracted.[109] In any case, it must be considered that 

the aperiodic dc components from the FTacV measurement will not be identical to the 

respective dc voltammogram since large amplitude FTacV accentuates the non-linear 

processes (amplitude-dependent Faradaic rectification).[105]  

Sine wave amplitude 

Increasing the amplitude generates higher harmonics and increases the harmonic currents, 

including the capacitive current. This will also increase the IRu potential drop, lowering the 

harmonic currents and deforming their shape. If multiple redox species with similar redox 

potentials are present, an increase in amplitude decreases resolution due to an overlapping of 

the generated currents. Therefore, the amplitude should be just large enough to generate 

analyzable harmonics. Typically, applied amplitudes for large amplitude FTacV vary between 

80-250 mV.[106] 

 

Experimental 

This work used FTacV as a highly sensitive technique for characterizing the electrochemical 

surface transformations occurring on Ni99.99 and Ni70Fe30 from conditioning. The same 

procedure, regarding electrode choice and preparation, cell setup, and electrochemical 

protocol, as in chapter 4.3.2, Investigation of electrochemical conditioning in iEFC, was 

applied. The experiments were performed in the iEFC (Design C), shown in Figure 4.1c, with 

a Biologic VSP-300 potentiostat. The WE (Ni99.99, Ni70Fe30) was downsized to 0.126 cm2 by 

using a rod electrode to reduce the absolute currents generated. 

FTacV was conducted at the start and end of the electrochemical protocol and before and after 

conditioning, as seen in Figure 4.17. FTacV was performed as CV between 1-2 V vs. RHE at 

19.073 mV s-1 at approx. 9, 39, and 89 Hz. Each CV with a respective parameter set was 

repeated three times.  
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Figure 4.17. Schematic representation of the applied electrochemical protocol to investigate the electrochemical 
conditioning of Ni99.99 and Ni70Fe30 by FTacV. FTacV was performed as CV between 1-2 V vs. RHE at 
19.073 mV s-1 at 9, 39, and 89 Hz at the start of the electrochemical protocol (green), before 
conditioning (light green), after conditioning (blue), and at the end of the electrochemical protocol 
(purple). All CVs were repeated three times.  

The exact FTacV parameters (frequency f, scan rate v, sampling frequency fs) were determined 

by the relations in equations (4.6) and (4.7). These can be deduced from the different 

definitions of the total time tFTacV of the FTacV:  

𝑡FTacV =
𝐵

𝑓
=
 𝑁

𝑓𝑠
=
∆𝐸

𝜈
 (4.5) 

The total time equals the number of sine waves B divided by the frequency of these sine waves 

f. Further, it can be calculated by the ratio of the overall number of data points (2N) to the 

sampling frequency fs. Lastly, the total time corresponds to the potential window screened E 

(for CV: E = 2(Ehigh-Elow)) divided by the scan rate v. 

To solve equations (4.6) and (4.7), the premise was that B and N are integers, with N required 

to be between 16-20. The more data points (2N), the higher harmonics can be resolved.[113]  

𝑣 =
 𝑓𝑠(𝐸high − 𝐸low)

 𝑁
 (4.6) 

𝑓 =
𝑓𝑠𝐵

 𝑁
 

(4.7) 

Data evaluation was performed by a self-written Python script. The power spectrum (= log(I2)) 

was calculated from the absolute FT current, normalized to the length of the signal. For the 

envelope of the harmonic currents, the positive part of the real IFT current was taken. 
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5. Results and Discussion 

5.1. Design of an Electrochemical Flow Cell with 1 cm2 Electrodes 

for Performance Studies of Electrocatalytic Reactions 

The following chapter discusses the simulation-assisted design of an EFC with a WE area of 

1 cm2 for coupling with online downstream analysis and simultaneous activity determination of 

the electrocatalyst, the so-called iEFC. Parts of this chapter are published in J. Electrochem. 

Soc. 2025, 172, 126501.[114] To evaluate the flow cell design, COMSOL Multiphysics is used 

to model fluid flow velocity, concentration distribution, and particle flux of the reactive species 

over the electrode surface. The simulations and data analysis were performed by C. Marcks 

and their methodology can be read in chapter 4.3.1 Simulative Procedures. Flow velocity, 

concentration, and species flux distribution were analyzed qualitatively. Quantitatively, the 

precision of the activity determination was measured by the deviation of the KL slope from one 

and the so-called G value. The G value describes the deviation of the simulated kinetic current 

density ikin,sim, obtained from the KL plot, from the kinetic current density ikin,input, calculated with 

the input parameter according to Butler-Volmer. It served as evaluation parameter G for the 

homogeneity of the mass transport and, thus, ilim over the electrode, and it is defined as: 

𝐺 =
𝑖kin,sim − 𝑖kin,input

𝑖kin,input
∙ 1   (5.1) 

First, the reported iEFCs, namely the scaled-up versions of the SFC from Mayrhofer et al. and 

the V-shaped EFC (V-EFC) from Schlögl et al. with an electrode area of 1 cm2, are simulated. 

Based on this, criteria are established for designing an iEFC and ensuring a precise activity 

determination over a wide potential range and minimal dilution of reaction products. To 

investigate the influence of mass transport of the reactive species to the electrode on the 

precision of the activity determination, uniform accessibility and uniformity of convective mass 

transport over the WE are varied.  A prototype of the final design is 3D-printed. The simulations 

and applicability of the kinetic analysis for electrocatalysts are experimentally verified for the 

ferricyanide reduction as an electrochemical model reaction. Based on this designed iEFC, 

options for defining the WE’s and CE’s surface area are tested. Additionally, it is e plored how 

the potential can be precisely controlled and determined for the OER during constant current 

operation at industrially relevant conditions. Lastly, online monitoring of the Fe concentration 

during CV and CP at 10 mA cm-2 is tested with a Ni-Fe WE in 1 M KOH at RT.  

 

5.1.1. Simulation and Experimental Validation of Mass Transport 

Simulation of the Scale-up of the reported SFC[38,40] and V-EFC[37] 

In order to find a suitable iEFC for 1 cm2 electrodes, the prominent flow cells for coupling with 

ICP-OES were investigated for scale-up. The flow geometry of the SFC from Mayrhofer et al. 

and the V-EFC from Schlögl et al. can be seen in Figure 5.1. The SFC cell design consists of 

two intersecting channels in a V-geometry with 60° between the channels, forming an elliptical 

opening at the bottom of the cell. The CE is placed into one of the channels and the RE is 

connected to the respective other channel by a capillary or T-connector.[36,38,40] In contrast to 

the SFC, the flow channels of the V-EFC intersect at their outer walls and it features a circular 
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opening, resulting from an O-ring-sealing. The RE and CE are placed in the channels.[37] For 

the scale-up, the electrode area was fixed to 1 cm2. 

 

Figure 5.1. Scheme of flow geometries utilized for the numerical simulations of a) the SFC and b) the V-EFC, with 
a) α = 60°, d(channel) = 10.5 mm, 1 cm2 electrode b) α = 60°, d(channel) = 4.9 mm, 1 cm2 electrode, 
sealing height of 0.64 mm. 

The simulation results for the flow velocity distribution, concentration distribution, and species 

flux in a mass-transport-limited case can be seen in Figure 5.2 for a volume flow of 

1.45 mL min-1 at the inlet and an overpotential of 1.5 V. Please note that here and in the 

following, the volume flow is defined for the inlet’s cross-section of the simulated cell width, 

which is half of the entire cell due to the symmetry plane. Hence, the flow rate is given for half 

of the inlet’s cross-section. The flow velocity (a, d) and concentration (b, e) distribution are 

shown at the central x-y plane of the cell (z = 0), corresponding to the symmetry plane in the 

middle of the channel. The species flux at the electrode is shown in the x-z plane (y = 0) from 

the channel wall to the symmetry plane. 

In Figure 5.2a, the flow velocity distribution for the SFC shows a maximum velocity of  

1.1 mm s-1 in the middle of the channel and no turbulences, such as a vortex. Note that due to 

the V-shaped channels, the flow velocity distribution is not uniform over the WE. The highest 

velocity can be found at the intersection of the channels, while there are regions with lower 

flow velocity toward the outer channel walls (toward x = 0 and x = 12). The corresponding 

concentration distribution (see Figure 5.2b) shows a non-uniform distribution over the WE. At 

the electrode, the concentration of active species is zero due to its consumption. Along the 

electrode with increasing x, the reaction species is continuously consumed, the concentration 

gradient decreases, and the diffusion layer grows as diffusion is too slow for equilibration. At 

the symmetry plane (z = 0, central x-y plane), the diffusion layer thickness varies from approx. 

1 mm at the inlet (x ≈ 0) to 3 mm at the outlet (x ≈ 12). Figure 5.2c shows the species flux at 

the electrode and demonstrates more clearly how this non-uniformity evolves along the 

electrode in the x-direction. The maximum species flux of 22 µmol m−2 s−1 occurs at the start 

of the electrode (x ≈ 0) and rapidly drops to approx. 5 µmol m−2 s−1 after less than 1 µm along 

the electrode. Until approx. 3 mm (x ≈ 3), the species flux stays relatively constant with a slight 

increase in the species flux resulting from the increase in flow velocity over the WE toward the 

center of the electrode. After that, the species flux continues to decrease to a minimum of 
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0.9 µmol m−2 s−1. The increase of species flux at the end of the electrode cannot be explained 

physically and is probably an artifact from simulation. It should also be noted that only a few 

data points that have been connected to form a surface lead to this behavior. Along the z-axis, 

the species flux decreases toward the cell walls (toward z = –5). The average species flux over 

the WE is 3.8 µmol m−2 s−1. 

 

Figure 5.2. Flow velocity distribution (a, d) and concentration distribution (b, e) at the central x-y plane of the cell 
(symmetry plane) and species flux at the electrode (c, f) for the SFC from Mayrhofer et al. (a-c) and 
the V-EFC from Schlögl et al. (d-f). The average inlet volume flow is 1.45 mL min-1 (for half of the inlet’s 
cross-section), and the overpotential is 1.5 V. The scale ranges from 0-1.1 mm s−1 (a), 0-24.7 mm s−1 
(d), and 0-1.26 mol m−3 (b, e). 

Qualitatively, these results reflect the previous simulations for the smaller SFC version by Kulyk 

et al.[38] However, the absolute maximum velocity and, thus, ilim is about 17x lower for the 

scaled-up version despite the larger inlet volume flow of 1.45 mL min-1 compared to  

1 mL min-1. This indicates a smaller kinetic regime, in which the material properties can be 

analyzed. The KL evaluation identifies a KL slope of 1.0, which indicates a 

more homogeneous ilim over the electrode area and, thus, a better applicability of the KL 

analysis compared to the reported 0.94 in the case of the small cell model.[38] However, the 

discrepancy between the small cell model and the one simulated here is more likely due to 

slight differences in the simulation, e.g. the meshing. When applying downstream online 

analysis such as ICP-OES, the maximum volume flow is restricted to avoid non-spectral 

interferences, as described in chapter 4.4.5. Such a low volume flow would result in a lower 

mass-transport-limited current and, thus, an earlier onset of the mass transport limitation. The 

resulting small kinetic regime of the scaled-up SFC would, therefore, highly limit its applicability 

for the analysis of the catalyst's kinetics. 

For the V-EFC, the flow velocity distribution in Figure 5.2d shows a laminar flow in the channels 

with a maximum of 4.5 mm s-1 in the middle of the channel. When meeting the electrode, the 

flow accelerates at the intersection of the channels to a maximum of 25 mm s-1. The flow 

velocity decreases toward the cell walls (toward x = 0, x = 11, z = –5, and z = 5). The resulting 
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concentration distribution (Figure 5.2e) is non-uniform and asymmetrical. The smallest 

diffusion layer thickness of 0.14 mm is allocated at the highest flow velocity over the WE. The 

largest diffusion layer thickness of 2.3 mm is obtained at the outlet (toward x = 11). The 

corresponding species flux (Figure 5.2f) shows a maximum of 56 µmol m−2 s−1 in the center of 

the electrode, where also the highest flow velocity over the WE and smallest diffusion layer 

thickness is. The centrally allocated and high species flux decreases in all directions. Along 

the x-axis, it decreases slowly toward the beginning of the electrode and more rapidly toward 

the end of the electrode. The asymmetrical distribution of species flux and concentration might 

result from a trade-off between high flow velocity, which is very localized in the center over the 

electrode, and axial diffusion along the electrode in the direction of the flow. The average 

species flux over the electrode is 19 µmol m−2 s−1, which is significantly higher than that of the 

scaled-up SFC and indicates a larger kinetic regime. The KL evaluation identifies a small 

deviation of the KL slope of 1% from one. To evaluate the geometries further, a more sensitive 

measure is required, and for that, the G value is taken in the following. For the scaled-up SFC, 

the G value equals 5%, and for the V-EFC, G is 7%, which is still comparable to the SFC. Thus, 

the scaled-up V-EFC features a sufficiently large kinetic regime and precise activity 

determination. However, it must be considered that this high precision results from the ilim being 

scattered around the median and does not refer to a homogeneous species flux over the 

electrode area. The identified regions of this design with an extremely low flow velocity and 

species flux (= dead zones) should not be neglected. Depending on the application, these can 

be a challenge, if e.g. the aimed product is converted further at the electrode, affecting the 

product distribution, or inhomogeneous catalyst usage and degradation can occur. Such an 

inhomogeneous catalyst usage might falsify the catalyst performance data. Additionally, the 

current distribution at the WE could become difficult with a rod cathode in only one channel. 

Since the tip of the CE rod would be the closest to the WE, the potential drop due to the 

electrolyte resistance would be the smallest there. Thus, the circular area of the rod would 

need to increase to approx. 1 cm2, which would again increase the channel and the WE. Similar 

considerations for the herein-designed iEFC are discussed in chapter 5.1.2. Lastly, the 

discrepancy between the V-EFC and the cell designs in the industry and classical lab-scale 

testing needs to be considered. 

 

Criteria to Scale Up an iEFC 

Based on the scale-up of these reported flow cells, a first flow geometry for the iEFC, as seen 

in Figure 5.3, was designed, considering the possibility of kinetic analysis and combinability 

with downstream analysis. Online downstream analysis, such as an ICP-OES, restricts the 

maximum electrolyte flow to avoid non-spectral interferences (see chapter 4.4.5) and the 

dilution of the electrochemical products. For the kinetic analysis, a large kinetic regime and 

uniform mass transport over the WE are important for applying the KL analysis. Thus, a 

minimal reaction volume over the electrode is required for high convection and minimal dilution 

of reaction products. Additionally, planar, parallel electrodes with electrolyte flow parallel to the 

electrode are included as industrial characteristics for this design. Thus, it needs to be 

considered that cross-contaminations from CE reactions cannot be excluded. As seen in 

Figure 5.3, these considerations resulted in two interconnected rectangular channels, tilted in 

a V-shape. This channel geometry allows the minimal reaction volume over the WE and fewer 

dead zones. 
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Figure 5.3. Schematic flow geometry, utilized for the numerical simulations to design the iEFC. Simulations were 
performed with 1 mm channel height, varying channel widths of the in- and outlet, varying electrode 
lengths, and 2.5 mm cell width (symmetry plane at 1.25 mm). 

Now, to adjust the dimensions of this design for the applicability of the KL analysis, the mass 

transport of reactive species to the electrode was characterized. Here, two effects were looked 

at separately: the flow velocity distribution over the WE due to convection and the electrode's 

accessibility with a uniform flow velocity distribution over the WE. For the simulations, a 

geometry model with a reduced cell width was used to minimize calculation time, assuming 

the width does not influence the model (width (z) = 0.25 cm, length (x) = 1-4 cm, A = 0.25-

1 cm2, symmetry plane at z = 0.125 cm, simulated: 0 < zsim < 0.125 cm, Asim = 0.125-

0.625 cm2). Thus, please note that the absolute flow velocities, concentrations, and species 

fluxes are not comparable to the scaled-up SFC and V-EFC (Figure 5.2) and the final EFC 

design presented here (Figure 5.6). 

  

Influence of Flow Velocity Distribution over the WE 

When evaluating the influence of the flow velocity distribution over the WE on the KL analysis, 

it is known that the more uniform the flow velocity distribution over the WE, the narrower the 

distribution of ilim and the better the applicability of the KL analysis.[46] Herein, the extent of 

imprecision introduced by inhomogeneous convective mass transport on the kinetic analysis 

was estimated for different versions of the iEFC’s flow geometry, which is presented in Figure 

5.3. 

Therefore, the uniformity of the flow velocity distribution over the WE was varied by changing 

the channel width (CW) of the in- and outlet, while the WE covered the entire bottom part of 

the cell. The transition zone between the connecting middle section and the channels 

introduced inhomogeneity of the flow velocity distribution. Thus, the ratio U between the length 

of the middle section L(middle section) and the length of the electrode L(electrode) was defined 

to quantify the share of the electrode with parallel flow: 

𝑈 =
𝐿(  dd e sect on)

𝐿(e ectrode)
⋅ 1  % (5.2) 

In Figure 5.4, the velocity flow distribution and species flux for CWs of 2 mm (a, b), 1 mm (c, d), 

and 0.5 mm (e, f) for 1.14 mL min-1 at 1.5 V are displayed, corresponding to the mass-
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transport-limited case. The respective concentration distributions are shown in Figure S2. The 

smallest CW of 0.5 mm corresponds to the largest U of 73.3%. For a CW of 2 mm, less than a 

quarter of the electrode (13.3%) features a parallel flow to the electrode. 

 

Figure 5.4. Flow velocity distribution at the central x-y plane (a, c, e) and species flux distribution at the electrode 
(b, d, f) in the mass-transport-limited regime for a CW of 2 mm (a, b), 1 mm (c, d) and 0.5 mm (e, f). 
The inlet volume flow is 1.14 mL min-1 (for half of the inlet’s cross-section), and the overpotential is 
1.5 V. The channel height is 1 mm, and the cell width is 2.5 mm (symmetry plane at 1.25 mm). The 

scale ranges from 0-27 mm s-1 (a, c, e) and 0-83.3 µmol m-2 s-1 (b, d, f).  

Figure 5.4 identifies in a), c), and e) a uniform flow velocity distribution over the electrode in 

the middle section with a maximum velocity of 27 mm s-1. The species flux distribution at the 

electrode is shown in Figure 5.4b, d) and f). If U is large (CW = 0.5 mm, Figure 5.4f), the 

maximum flux of 83 µmol m-2 s-1 will be closest to the beginning of the electrode at the inlet 

(x≈1 mm). If the CW is increased (compare Figure 5.4b, d) and U gets smaller, the point of 

maximum species flux moves toward the center of the electrode. For the largest CW of 2 mm 

(Figure 5.4b), the maximum species flux of 49.4 µmol m-2 s-1 is at 4 mm along the electrode. 

As previously discussed, the homogeneity of species flux over the electrode is directly 

correlated to the uniformity of the convective and diffusional mass transport. The larger U, the 

more the species flux distribution is dominated by axial diffusion limitation (see Figure 5.5 for 

comparison). The smaller U, the more the species flux distribution shows a trade-off between 

the limitation by convection and axial diffusion. The KL analysis supports this visual correlation. 

The evaluation parameter G for the homogeneity of the mass transport increases with 

decreasing U from 0.5% (U = 73%, 0.5 mm CW) to 3% (U = 53%, 1 mm CW) to 8% (U = 13%, 

2 mm CW). This evaluation shows that even if only 13% of the electrode features a uniform 

flow velocity distribution, the imprecision of the ikin determination via the KL analysis is still 

acceptable. This can be seen when comparing the KL slopes, which were all ranging between 
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0.986-0.990, to the reported 0.94 from Kulyk et al.[38] and Scherson et al.[43] Still, to obtain the 

highest possible precision in the activity determination, the WE should be placed in the 

connecting middle section with parallel flow to the electrode. 

 

Influence of Uniform Accessibility 

Even though EFCs do not have a uniformly accessible electrode, the KL analysis was 

previously applied to EFCs.[43,47,48] This work seeks to evaluate the significance of uniform 

accessibility in determining reaction kinetics within laboratory-scale EFCs. For that, the 

electrode length was increased from 1 to 4 cm with a parallel flow and a uniform flow velocity 

distribution over the entire electrode, which is ensured by placing it in the middle section. 

Figure 5.5 shows the concentration distribution (a, b) and species flux (e, f) at the central x-y 

plane for an electrode length of 1 cm (a, e) and 4 cm (b, f) for an inlet volume flow of 

1.14 mL min-1 at 1.5 V, corresponding to the mass-transport-limited case. The flow velocity 

distribution is given in Figure S3. For better visualization of the reactive species’ depletion 

along the length of the electrode, the concentration distribution at a lower flow rate  

(14.4 µl min-1) is shown in Figure 5.5c and d). For the 1 cm and 4 cm long electrodes, Figure 

5.5 indicates an increasing diffusion layer thickness along the electrode length in the direction 

of the flow with a maximum diffusion layer thickness at the end of the electrode of 0.4 mm 

(L(electrode) = 1 cm, a) and >1 mm (L(electrode) = 4 cm, b). Additionally, the species flux in 

Figure 5.5e and f) indicates more clearly the evolution of the diffusion layer thickness along 

the electrode. For both electrode lengths, the species flux shows a maximum at the very 

beginning of the electrode. At the central x-y plane, the species flux of approx. 0.5 mmol m−2 s−1 

rapidly drops down to 1/10 of its original value after 130 µm, after which it stays comparatively 

constant along x. This profile is relatively constant along the z-axis, with a decreasing species 

flux toward the cell walls. Thus, the depicted concentration distribution and species flux clearly 

reflect the expected gradual stabilization of the diffusion layer along the electrode. It is 

interesting to point out that this species flux profile shows similarities to the one from the SFC 

(compare Figure 5.2), where the species flux is also strongly influenced by the diffusion layer 

growth along the electrode. 

The KL analysis identified deviations of ikin,sim from ikin,input of 1% for 1 cm and 3% for 4 cm long 

electrodes. Comparing this to the G values discussed above, this indicates that uniform 

accessibility can be neglected for the herein-investigated system when studying the reaction 

kinetics. In comparison to the variation of convection, the variation of the electrode length had 

a less significant impact on G. 
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Figure 5.5. Concentration distribution at the central x-y plane (a, b, c, d) and species flux distribution at the 
electrode (e, f) in the mass-transport-limited regime for a 1 cm (a, c, e) and 4 cm (b, d, f) long electrode. 
The inlet flow is 1.14 mL min-1 for a), b), e), and f) (for half of the inlet’s cross-section). For better 
visualization, (c) and (d) are shown with an inlet volume flow rate of 14.4 µl min-1. The respective G 
values are 1% (L(electrode) = 1 cm) and 3% (L(electrode) = 4 cm). The channel height is 1 mm, and 
the cell width is 2.5 mm (symmetry plane at 1.25 mm). The overpotential is 1.5 V. The scale ranges 
from 0-1.26 mol m-3 (a-d). Note that the slight deviation of the maximum species flux at the central x-y 
plane between the 1 cm (e) and 4 cm (f) long electrode is an artifact of the simulation as the simulation 

mesh is different for each geometry and, therefore, the data points do not necessarily coincide. 

 

Final Design 

For the iEFC design, these two investigations highlight that the WE needs to be placed in the 

middle-section between the channels for a uniform flow profile over the WE and for the 

deviation of ilim over the WE to be negligible. With the WE in the middle section, the influence 

of the non-uniform accessibility on the KL analysis was found negligible for 1-4 cm long 

electrodes. When combining the iEFC with downstream analysis, which is limited in the flow 

velocity, the electrode's width is limited to obtain sufficiently high flow velocities over the WE 

and, thus, high species fluxes. Because of this, and for practicality in handling, an electrode 

size of 1 x 1 cm was chosen.  

The final flow geometry of the iEFC with a 1 x 1 cm WE in the connecting middle section was 

simulated. The geometry (a) and the simulation results for the velocity distribution (b) and 

concentration distribution (c) at the central x-y plane of the cell and the species flux over the 
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electrode (d) are shown in Figure 5.6. Note that since the WE is placed in the middle section 

of the flow cell, where parallel flow with a uniform distribution is given, the channel angle to the 

x-z plane should not affect mass transport to the electrode and can be varied between 30°-

90°. For constructive reasons, a minimum of 30° is needed for a channel height of 1 mm over 

the WE. By increasing the angle, the dead zones at the edges increase, which can be 

problematic, e.g. for gas bubble removal. The simulated G value is 2%, and the average 

species flux over the electrode is 23 µmol m−2 s−1, which gives the smallest deviation of ikin,sim 

from ikin,input and the largest kinetic regime for the 1-cm2-models presented herein.  

 

Figure 5.6. a) Flow geometry of the final flow cell design, b) flow velocity distribution at the central x-y plane, c) 
concentration distribution at the central x-y plane, and d) species flux distribution at the electrode. The 
inlet volume flow is 1.45 mL min-1 (for half of the inlet’s cross-section), and the overpotential is 1.5 V. 
The channel height is 1 mm, and the cell width is 10 mm (symmetry plane at 5 mm). The scale ranges 
from 0-7.01 mm s-1 (b) and 0-1.26 mol m-3 (c). The simulated G value is 2%, and the average species 
flux over the electrode is 23 µmol m−2 s−1. 

 

Experimental Validation 

Based on these theoretical simulations, the flow velocity distribution, concentration distribution, 

and species flux of the final iEFC flow geometry were validated experimentally. For that, the 

applicability of the Levich analysis for EFCs and the KL relationship was tested by recording 

polarization curves at different flow velocities for the ferricyanide reduction. The respective 

polarization curves can be found in Figure S4. The results for the Levich analysis for EFCs 

and the KL plot in the mixed kinetic-mass-transport-limited regime at a potential of 0.593 V vs. 

RHE can be seen in Figure 5.7 for four different trials (V1-V4). It must be noted that the 

potential regime for the applicability of the KL analysis to the ferricyanide reduction is very 

narrow due to its fast reaction kinetics.  

The Levich analysis for EFCs (a) and the KL plots (b) in Figure 5.7 show a linear relationship 

with an averaged slope of 0.39±0.03 and 0.96±0.02, respectively. From the KL plots in Figure 

5.7b, |1/Ikin| (y-intercept) of 0.37±0.07 can be identified, corresponding to a kinetic current of 

2.7±0.3 mA. The slight variations between the different trials in Figure 5.7a and b) might be 
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associated with different Fe(CN)6
3+-concentrations present in the electrolyte as the solution 

was not long-term stable. Another source of error could be the varying precision of the flow 

rates since those are very sensitive to hydrostatic pressure, meaning the electrolyte level in 

the reservoir, the position of the tubing and the iEFC, and the influence of the pump. Still, this 

overall reproducible linearity of the Levich analysis for EFCs and the KL relationship, in 

combination with a slope close to one for the KL plot, proves the applicability of the Levich 

analysis for EFCs and KL relationship for this cell design. The 4% deviation of the KL slope 

from one is in line with previous reports, suggesting a systematic deviation between uniform 

accessible electrodes and electrodes in EFCs.[38,43] Thus, the herein-designed flow cell proves 

to be a channel electrode according to equation (2.2). When all parameters are known, incl. 

the geometry-dependent constant, the diffusion coefficient of Fe(CN)6
3+ can be determined for 

this reaction system. On the other hand, when investigating a different system with a known 

diffusion coefficient of the reactive species, valuable predictions about the mass transport 

(diffusion layer and ilim) are now possible with the herein-designed iEFC. Further, the KL 

analysis in Figure 5.7b shows that the kinetics of a catalyst can be evaluated in the kinetic-

mass-transport-limited regime with this iEFC. 

 

Figure 5.7. a) Experimental Levich analysis for EFCs and b) KL plot for the ferricyanide reduction in 0.1 M HClO4 
with 10 mM K3[Fe(CN)6] in the final iEFC design for four different trials 1-4 (V1-V4). The KL plot was 
evaluated at an overpotential of 0.593 V vs. RHE. The inlet volume flow was varied between 0.5 –
2 mL min-1. The Levich and KL relationship proved to be applicable for the herein-designed iEFC with 
a KL slope of 0.96±0.02. 

 

Conclusion 

To summarize, an iEFC with a 1 cm2 WE for simultaneous activity measurement and 

downstream analysis of the electrolyte was designed. COMSOL simulations of the flow 

velocity, concentration, and species flux distribution were performed to evaluate different cell 

geometries. Simulations of the scaled-up versions of the previously reported SFC from 

Mayrhofer et al. and V-shaped EFC from Schlögl et al. identified a limited kinetic regime and 

formation of large dead zones, respectively, in combination with an incompatibility with 

classical lab cell designs. The herein-designed iEFC features 1 cm2 planar and parallel 
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electrodes with a 1 mm electrode distance as industrial characteristics. To ensure minimal 

dilution of the reaction products and maximized flow velocity over the WE, the reaction volume 

over the WE was minimized by tilting the in- and outlet channels with an angle of 30-90° to the 

x-z plane. A laminar flow, which is parallel to the electrodes and uniform over the WE, is 

ensured by placing the electrode in the middle of the connecting channel. Thereby, precision 

in activity determination is maximized. For the herein-designed iEFC, it was further shown that 

the uniform accessibility of the electrode can be neglected for an electrode length of less than 

4 cm when calculating the activity via the KL relation. The simulation of the final iEFC cell 

design revealed a G value of 2% for the determination of ikin. This indicates that the KL analysis 

can be applied with high accuracy. This applicability of the Levich analysis for EFCs and the 

KL relationship was validated experimentally for the ferricyanide reduction. 

 

5.1.2. Relative Electrode Positioning 

While designing, simulating, and experimentally validating an iEFC with a 1 cm2 WE, the 

relative electrode positioning was found to be of great importance and significantly influenced 

the electrochemical measurement, primarily high-frequency measurements such as EIS. Thus, 

four different geometries, as seen in Figure 5.8, were investigated to identify the dominating 

effects for successful EIS measurements in EFCs where the electrodes are separated by 

narrow and winded channels. In all cases, the RE was connected to the inlet by a capillary with 

a diameter of 1 mm.  

For the herein-developed flow geometry of the iEFC, two electrode configurations are 

theoretically plausible: parallel WE and CE (Figure 5.8a) or the CE as a rod in the outlet (Figure 

5.8b). While parallel WE and CE are standard in the industry, the CE is, however, favored in 

the outlet in analytical electrochemistry to avoid any contaminations at the WE. Further, two 

additional cell designs based on the V-EFC were tested for more insight: the original (Figure 

5.8c) and a variation with two additional turns between WE and CE (Figure 5.8d). In all cell 

designs, the WE is positioned at the bottom. 
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Figure 5.8. Schematic illustration of the RE capillary (blue) and the suggested regions of equidistant parallel 

potential lines between WE and CE (orange) for different electrode positionings in EFCs with narrow 
and winded channels. The WE is positioned at the bottom. a) Herein-designed iEFC with parallel WE 
and CE electrodes, b) herein-designed iEFC with the CE in the outlet as a rod, c) V-EFC with the CE 
in the outlet as a rod, d) variation of the V-EFC with two additional channel windings between the WE 
and CE. 

Previous reports stated that for precise potential control at the WE, a uniform current 

distribution over the WE is required.[116] Here, it is important to know that potential lines are 

perpendicular to the current lines.[117] When using a RE with a capillary, the capillary distorts 

the potential lines near it. The measured potential reflects the undistorted field in the distance 

of d/3 from the capillary-tip position, with d being the diameter of the capillary.[118] In this work, 

this knowledge is applied and tested for EFCs with narrow and winded channels. When 

performing EIS measurements for the four different setups in Figure 5.8, EIS was only 

successful for the parallel electrode arrangement (Figure 5.8a) and the original V-EFC (Figure 

5.8c). This might be due to the homogeneous current distribution at the WE and a convenient 

point of potential measurement by the capillary of the RE. The capillary of the RE presumably 

detects homogeneous equidistant and parallel potential lines between WE and CE. The reason 

for the unsuccessful EIS measurement with the adjusted V-EFC in Figure 5.8d is not fully 

understood. Potentially, the current response might be too slow for the timescale of the EIS or 

the IRu drop too large for the electronics of the EIS. For the iEFC design in Figure 5.8b, the 

suggested region of parallel and uniform current lines between CE and WE is spatially 

separated from the region of potential measurement by the RE. This potentially hinders the 

EIS measurement. 

To summarize, electrodes in EFCs with narrow and winded channels need to be placed in a 

way that a uniform current distribution over the WE is possible and that the RE can sense 
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parallel, equidistant, and uniform potential lines. Practically, this means that the projection of 

the capillary of the RE onto the WE needs to intersect with a region of parallel and equidistant 

current and potential lines between CE and WE. This is also in line with previous reports.[116–

118] Further, the WE and CE need to be in direct sight of one another.  

 

5.1.3. Introduction of Working and Counter Electrode 

When introducing the WE and CE into the iEFC, the definition of the surface area and electrode 

contacting have to be considered. 

To define the active surface area, flat seals (adhesive PTFE foil, Kapton tape), varnish 

(insulating spray, PTFE spray, Lacomit, nail polish), and embedding were tested. Figure 5.9 

shows the definition of the surface area by insulating spray and adhesive PTFE foil when 

oxidizing Ta, which irreversibly turns brown upon oxidation. The detailed experimental 

procedure can be read in chapter 4.3.2. Both, the insulating spray and the adhesive PTFE foil, 

resulted in a deviation from the desired 1 cm2. Figure 5.9a demonstrates that the insulating 

spray delaminated strongly, making a reproducible surface area determination impossible. In 

Figure 5.9b, four independent tests for defining the surface area using adhesive PTFE foil are 

illustrated. The electrolyte crept underneath the adhesive PTFE foil, enlarging the surface to 

an average of 1.25 cm2. This corresponds to a 25% larger surface area than anticipated. 

Embedded electrodes can be seen in Figure 5.10. The geometric area of the embedded 

electrodes is assumed to correspond to the active surface area without any additional areas 

of the electrode being exposed. A detailed experimental description of how those embedded 

WEs in Figure 5.10c are fabricated can be found in chapter 4.2.1. 

 

 

Figure 5.9. Definition of the electrode surface area by a) PTFE spray and b) adhesive PTFE foil (four independent 
tests) shows deviation from 1 cm2, when tested under electrochemical operation in the iEFC with 0.1 M 
HClO4. Deviations from 1 cm2 resulted because a) the PTFE spray delaminated and b) electrolyte crept 
underneath the PTFE foil. [adapted from C. Marck’s master thesis[91]]  

Figure 5.10 compares the three tested electrode contacting and embedding methods. Initially, 

the electrode was contacted by attaching a wire with copper tape, as seen in Figure 5.10a. 

Disadvantages were the fracture point of the wire at the entry point into the embedding material 

and the poor adhesion between the copper tape, wire, and electrode. This poor adhesion led 
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to reduced conductivity and sometimes the inclusion of embedding material between tape, 

wire, and electrode, which further deteriorated the conductivity. Thus, this contacting method 

was substituted by a metal glued to the electrode with Ag-containing conducting adhesive, as 

demonstrated in Figure 5.10b and c). 

 

Figure 5.10. Developments in the fabrication of embedded WEs. a) WE is embedded in commercial round form and 
contacted by wire and copper tape. The embedded WE is cut to the respective dimensions in the next 
step. b) WE is embedded in a 3D-printed form with a holding structure, open to the electrolyte. 
Electrode contacting is done by a metal rod and Ag-containing conducting adhesive. c) WE is 
embedded in a 3D-printed form with a holding structure, not open to the electrolyte. Electrode 
contacting is done using a metal sheet and Ag-containing conducting adhesive. [a) is adapted from V. 
Schulte’s bachelor thesis,[119] b) is reprinted from J. Kautz’s bachelor thesis][120] 

Next, the embedding form was optimized. First, a commercially available, removable, round 

form was used for embedding, and the resulting hardened epoxy block was cut down with a 

saw and ground to the respective size, as seen in Figure 5.10a. This was, however, a waste 

of material and time- and labor-intensive. As a second approach, a 3D-printed form (VeroClear, 

DraftGrey) with a holding structure for the WE was tested, which cannot be removed after 

embedding (see Figure 5.10b). Here, a metal rod contacted the WE. It was observed that the 

3D-printing material corroded slightly from the cleaning procedure and the alkaline 

environment, which acted as a starting point for pitting. After a while, parts of the electrode and 

the contacting metal came in contact with the electrolyte. Thus, the design in Figure 5.10c was 

developed, where no 3D-printing material is open to the electrolyte, and a metal sheet contacts 

the WE. This design is also easier to handle concerning electrode contacting and pre- and 

post-analysis by, for example, optical microscopy, SEM, or EDX.  

 

5.1.4. Adapted Design to Study the Alkaline Water Electrolysis  

Recently, Spanos et al. proposed the coupling of an iEFC and ICP-OES as a setup to 

characterize simultaneously a catalyst’s activity and stability for the AWE, more specifically for 

the OER. Although not yet widely used, this technique is very promising as it can address the 

discrepancy between high activity and low stability. In particular, the stability of the 

electrocatalyst is of crucial importance for industrial application, and, therefore, a deep 

understanding of the deactivation mechanisms is required.[37] These could be elucidated with 

the help of online ICP-OES. Hence, the herein-developed iEFC should be adapted to the needs 

of studying AWE electrocatalysts at lab- (up to 10 mA cm-2, RT, 1 M KOH) and industrially 

more relevant (up to 100 mA cm-2, 80 °C, 30 wt% KOH) conditions. When applying industrially 

more relevant conditions, additional challenges arise such as gas evolution, incl. possible 

electrode blockage or trapped gas bubbles, and the cell’s material stability toward highly 

concentrated alkaline electrolytes (up to 30 wt% KOH) and high temperatures (up to 80 °C). 

Regarding the cell's material stability, different embedding and 3D-printing materials were 

screened. One requirement was that the material is transparent to see and react to trapped 
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gas bubbles. Further, the 3D-printing material had to be applicable for the PolyJet printer for a 

sufficiently thin layer thickness of 16 m[121] and a manufacturing tolerance of 0.1 mm.[122] Table 

S7 in the appendix summarizes the material study and identifies AR-H1 (Keyence) as a 

suitable 3D-printing material and EpoHeat Clear (Buehler) as embedding material. These 

materials did not show any significant weight loss, embrittlement, deformation, or visual 

change when leaving it in 30 wt% at 80 °C for 24 h. 

Regarding gas evolution, Figure 5.11 indicates the spots of gas accumulation in the iEFC with 

60° between the channels, a 1 mm spacing between WE and CE, and a seamless inserted 

CE. Gas accumulation occurred between the CE and WE (1), behind the CE in the transition 

to the outlet (2), and at the bottom in the transition to the outlet (3). 

 

Figure 5.11. Critical areas for gas bubble accumulation in the herein-designed iEFC. These are between the CE 
and WE (1), behind the CE in the transition to the outlet (2), and at the bottom in the transition to the 

outlet (3). 

The effect of gas bubbles on the activity determination can be clearly seen in Figure 5.12a by 

the unstable CP at 10 and 100 mA cm-2. To achieve a more efficient gas removal, the 

interelectrode distance was increased to 3 mm, the angle between the in- and outlet channel 

was maximized to 120°, and the middle section was prolonged, increasing the distance 

between CE and the outlet channel. It needs to be considered that increasing the interelectrode 

distance raises the dilution of the reaction and electrode dissolution products, which could 

become problematic for their detection by the ICP-OES. Further, the fluid velocity over the WE 

is decreased. This would correspond to an increased mass transport limitation, which is, 

however, a) counteracted by the turbulence introduced by the gas evolution and b) not relevant 

for the OER due to the high availability of hydroxide ions (= reactants). The adapted design to 

study AWE electrocatalysts can be seen in Figure 5.12b and Figure 5.13a. By these 

adaptations, a stable CP measurement to determine the OER activity at up to 100 mA cm-2 is 

possible, as shown in Figure 5.12b. 
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Figure 5.12. CP at 10 and 100 mA cm-2 for a 1 cm2 unconditioned Ni70Fe30 in a) the original herein-designed iEFC 
and b) the adjusted iEFC to study AWE catalysts (AWE-iEFC). Experiments were conducted in 1 M 
KOH at RT. 

For more flexibility, practicability in handling, and reproducibility, an exchangeable CE and 

possibilities for different REs and their placing were implemented, as illustrated in Figure 5.13. 

Figure 5.13a (also seen in Figure 5.12b) shows that a RE with a diameter of 6 mm can be 

introduced into a separate reservoir, which is connected to the inlet channel by a 1.5 mm wide 

capillary. This has the advantage that the RE sees no contaminations or passing gas bubbles. 

On the contrary, during its introduction, gas bubbles can get trapped. Further, the insertion 

depth of the RE into the reservoir is not fixed, and thus, the distance between WE and RE can 

vary slightly. The CE is held by a nut and an O-ring within the cell. It should be noted that the 

thread represents a potential fracture point with the current dimensions due to the thin material.  

For the next generation, the material thickness needs to be increased. As an alternative, the 

CE can be introduced through a hollow screw, which compresses an O-ring for sealing. This 

can be seen in Figure 5.13b and c). Here, the RE is directly placed in the inlet. Figure 5.13b 

shows this for a RE with a 6 mm diameter and Figure 5.13c for a miniRHE from Gaskatel with 

a 1.6 mm diameter. For the RE with the 6 mm diameter, the introduction is now easier 

compared to Figure 5.13a, but the RE is not sheltered from passing gas bubbles and 

contaminations. While the capillary characteristics vary slightly in length and diameter, no 

significant difference was observed experimentally for EIS at OCP in 1 M KOH at RT. The 

introduction of the entire shaft of the miniRHE into the inlet channel, as seen in Figure 5.13c, 

has the benefit of minimizing the distance and temperature gradient between the WE and RE 

when industrial temperatures of 80 °C are applied. The reproducibility of the activity and 

activation determination of OER catalysts with these cell designs is discussed in chapter 5.1.5.  
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Figure 5.13. iEFC designs, suitable for studying AWE catalysts, with a 3 mm spacing between the 1 cm2 WE and 
CE, 120° between the channels, and a prolonged connecting channel (increased distance between 
CE and channels). All designs feature an exchangeable CE and RE. a) CE is held by a nut. RE 

(d = 6 mm) is placed in a separate reservoir and connected to the channel by a capillary (d = 1.5 mm). 

b) CE is introduced through a hollow screw, which compresses an O-ring. RE (d = 6 mm) is placed 
directly in the channel. c) CE is introduced through a hollow screw, which compresses an O-ring. 
miniRHE from Gaskatel (d =1.6 mm, G1/8 thread, length = 3 or 4 cm) is placed with its entire shaft in 

the channel. 

Lastly, the applicability of coupling the AWE-iEFC to the ICP-OES for online monitoring of the 

electrolyte during electrochemical operation was tested. For that, the Ni dissolution from a Ni 

electrode (Ni99.99, 99.99 wt% Ni) in 0.1 M HClO4 was first measured as a reference. A ground 

glassy carbon electrode was used as CE. The electrochemical protocol consisted of an OCP, 

followed by CV conditioning (0.056-1.256 V vs. RHE, 200 mV s-1, 30 cycles), a 15 min delay, 

and 10x a CP at 1 mA cm-2 for 10 s with each a 10 min delay. To align the electrochemical and 

spectroscopic timescale, the starting time of the CP pulse was set to the onset time of the Ni 

dissolution peak. Figure 5.14 shows the Ni concentration when applying the series of 10 CPs 

at 1 mA cm-2 for 10 s separated by a 10 min delay.  

In Figure 5.14, the first two peaks differ in peak shape and area slightly from the following eight 

peaks, suggesting an initial equilibration. Disregarding the first two peaks and averaging over 

the remaining eight peaks, the maximum of the Ni dissolution peak follows the current pulse 

with a delay of 50±4 s. The concentration drops back to the initial concentration and reaches 

it after approx. 4.0±0.3 min. These times need to be considered when interpreting future ICP-

OES results with the herein-designed iEFC. In literature, the concentration drop back to the 

baseline was reported to be between 4-5 min when using the SFC.[36,123,124] This proves that 

the herein-designed iEFC is suitable for studying electrode stability and dissolution despite the 

larger electrode area and the cell design with more dead zones and transitions.  

 



5   Results and Discussion 

 

 

68 

 

Figure 5.14. Ni dissolution in Ar-purged 0.1 M HClO4 from a Ni99.99 anode, when applying a series of 10 CPs at 
1 mA cm-2 for 10 s. A glassy carbon CE was used, and 1 ml min-1 was applied. The experiment was 
conducted at RT. 

In the next step, the potential- and time-dependent dissolution of a Ni-Fe alloy anode with 

30 wt% Fe (Ni70Fe30) in 1 M KOH was studied to characterize its behavior for the AWE. Glassy 

carbon was used as a CE. Two different studies were performed: a) CV between –0.35-1.6 V 

vs. RHE at 2 mV s-1 (Figure 5.15a) and b) CP at 10 mA cm-2 for 30 min, followed by 30 min 

OCP (Figure 5.15b). Figure 5.15a shows the potential-dependent dissolution of Fe from 

Ni70Fe30 during CV for the anodic and cathodic sweep. Sharp signal drops can be seen at the 

HER (< –0.1 V) and OER (> 1.5 V) potentials. This might be because of a decrease in 

electrolyte supply at the ICP-OES due to gas bubbles. From the baseline Fe concentration of 

115 ppb, the Fe concentration starts to increase at 0.2 V vs. RHE on the oxidative sweep. At 

0.55 V, it reaches its maximum of 123 ppb, and it decreases afterward to 119 ppb at 1.3 V. On 

the cathodic sweep, the Fe concentration goes down linearly back to the initial Fe 

concentration. Figure 5.15b shows the time-dependent Fe dissolution from a Ni70Fe30 anode 

during CP at 10 mA cm-2, followed by OCP. In Figure 5.15b, the baseline concentration is about 

119 ppb. A sharp increase in Fe concentration to 130 ppb is visible when applying 10 mA cm-2, 

followed by a drop of the Fe concentration below the baseline to 116 ppb. After the CP ends 

and the potential is reversed to OCP, the Fe concentration spikes to approx. 135 ppb and then 

drops back to 120 ppb. This suggests an initial Fe dissolution from Ni70Fe30, which is followed 

by an Fe uptake at the anode or cathode during the CP. A simultaneous dissolution from the 

Ni70Fe30 anode cannot be excluded. After the CP, the Fe seems to be released again. The 

noise probably results from the high KOH concentration and gas bubble interferences. Overall, 

Figure 5.15 proves the possibility of deconvoluting metal dissolution from AWE electrocatalysts 

or rather incorporation from the electrolyte in 1 M KOH at RT. Further investigations on the Fe 

dissolution from Ni70Fe30 as anode during CV and CP in 1 M KOH are discussed in chapter 

5.2.3. 
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Figure 5.15. Fe concentration in 1 M KOH, measured by ICP-OES, during a) CV between –0.35-1.6 V at 2 mV s-1, 
and b) the application of, first, a CP at 10 mA cm-2 and then an OCP for each 30 min. A 1 cm2 Ni70Fe30 
electrode was used as anode and glassy carbon as cathode. Data was cleaned from spikes to low 
concentrations due to gas evolution (no trends were modified) and data was smoothed over 3 data 
points. Experiments were conducted in 1 M KOH at RT. a) is also displayed in Figure 5.25 and b) in 
Figure 5.38. a) is part of more extensive online ICP-OES study and the full sequence is shown for Fe 
in Figure 5.39 and Figure S7. 

To conclude, the iEFC was adapted for the operation under gas evolution and the harsh 

environment of AWE studies by increasing the electrode spacing, maximizing the angle 

between the in- and outlet channel to 120°, and prolonging the middle section. As a next step, 

possibilities for introducing the RE and the CE were evaluated, and different iEFC versions 

were designed. While these designs feature different (dis)advantages, all can be applied as is 

to characterize electrocatalysts for the AWE. Lastly, the online electrolyte monitoring by ICP-

OES during CV and CP at 10 mA cm-2 in 1 M KOH at RT was successfully demonstrated with 

the iEFC. The prior conducted Ni dissolution experiment identified a peak smearing behavior 

similar to that reported in literature. 

 

5.1.5. Reproducibility when Studying the Alkaline Oxygen Evolution 

Reaction 

When investigating AWE electrocatalysts in the herein-designed iEFC, electrochemical activity 

and activation by conditioning of the WE are subject to multiple influences, which may affect 

(ir)reproducibility. In the following, possible causes for the irreproducibility of electrochemical 

activation of electrodes by conditioning are discussed. Figure 5.16 shows the influence of the 

applied cell design, CE, and flow conditions on the activation of a Ni70Fe30 electrode by 

conditioning (–0.35-1.6 V, 100 mV s-1, 30 min, 46 cycles). The potential difference at 

10 mA cm-2 before and after conditioning was here defined as activation -E10 (for more details 

see chapter 4.3.2, Investigation of Electrochemical Conditioning). 

  

 

OCPCPOCP
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Figure 5.16. a) Influence of the cell design on the electrode activation of Ni70Fe30 by conditioning. Cell design A 
refers to an angle of 60 ° between the in- and outlet channel, an electrode spacing of 1 mm, and the 
RE is placed in a reservoir and connected to the channel by a capillary. Designs C and D feature 120 ° 
between the in- and outlet channels and an electrode spacing of 3 mm. For C, the RE is placed in a 
reservoir and connected to the channel by a capillary. For D, the RE is placed directly in the channel. 
For all designs, a Hg/HgO RE was employed. b) Influence of the CE material (Ni99.2 and glassy carbon) 
on the electrode activation of Ni70Fe30 by conditioning. c) Influence of flow conditions (circular vs. 
single-pass flow) and flow rate (3 vs. 0.9 mL min-1) on the electrode activation of Ni70Fe30 by 
conditioning. For all experiments, conditioning was performed between –0.35-1.6 V at 100 mV s-1 for 
30 min (46 cycles). The experiments were conducted in 1 M KOH at RT. 

For the investigation of electrochemical activation by conditioning, different cell designs were 

used within this work. Figure 5.16a shows that deviations in activation between the different 

designs are within the error range. However, a source of irreproducibility can be the iEFC 3D-

printing material. It was observed that after 3D-printing, iEFCs made from VeroClear performed 

initially irreproducible in the OER and required a long period to run smoothly (> 10 

experiments). 

Regarding the electrodes, grinding and polishing of the WE were implemented to define the 

surface area reproducibly. Slight variations can, however, still be present, causing 

irreproducibility in electrode activity and activation. As CE, Ni or glassy carbon (GC) were 

tested. As seen in Figure 5.16b, electrode activation is constant irrespective of the applied CE. 

Still, it needs to be noted that the choice of CE can become relevant depending on the material 

and protocol. When conditioning the WE between –0.35-1.6 V, the CE is oxidized in the low 

potential regime. If an element is chosen as CE, which is not present in the WE, it will be 

oxidized, possibly dissolve and, hence, contaminate the electrolyte and might interact with the 

WE. 

Further, unknown impurities in the electrolyte or the iEFC can influence the electrochemical 

measurements and cause irreproducibility. Here, it needs to be considered that the iEFC is 

only rinsed with and ultrasonicated in ultrapure water for cleaning, and the tubing is rinsed with 

ultrapure water. Ar purging of the electrolyte was reported to improve reproducibility.[125] 

However, in this work, Ar purging of the electrolyte did not significantly influence the standard 

error of the mean activation. A possible explanation might be that the observed standard error 

of the mean activation is too large for this effect to dominate and be visible. 
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Regarding the electrolyte flow, different flow conditions, namely single-pass (SP) vs. circular 

flow (CF) at different flow rates (3 vs. 0.9 mL min-1), were tested. Both did not significantly 

influence the electrode activation, as seen in Figure 5.16c. Still, variations in gas quantities 

passing the electrodes, accumulating, or blocking the surface can be a source of 

irreproducibility. Insufficient gas removal can also result in noisy data, which hampers the 

potential determination. 

Reproducibility of the electrode activity and activation is further affected by shifts of the RE and 

the IRu drop as these change the applied potential, which can result in differently conditioned 

surfaces. The Ru is influenced by slightly different positions of the RE, different resistances of 

the WE depending on the electrical contact, and different resistances of the cables or 

potentiostat periphery.  

To conclude, this systematic investigation showed that neither the choice of cell design, CE, 

flow mode, nor the flow rate had a significant impact on the (ir)reproducibility of the 

electrochemical activation of electrodes. It is, therefore, suggested that a complex interplay of 

the above-discussed reasons is responsible for the obtained error bars. 

 

5.2. Electrochemical Conditioning of Ni-(Fe)-based Electrodes at 

Lab-scale Conditions 

The following chapter discusses the systematic investigation of the electrochemical 

conditioning for a Ni-Fe alloy electrode with 30 wt% Fe (31 at% Fe). 30 wt% Fe was selected 

because it falls within the optimal range for Fe content.[17–22] This is expected to minimize the 

adjustment of the Ni:Fe ratio during conditioning. The correlation between electrochemical 

protocol parameters and electrochemical activation is explored by varying the potential 

window, scan rate, hold times at the upper and lower potential limit, and the number of cycles. 

The correlation between activation and potential window is linked to the induced material 

changes, characterized by direct current cyclic voltammetry (dcCV), FTacV, optical 

microscopy, SEM, EDX, XPS, FTIR, and ICP-OES. To further understand the role of Fe in the 

activation, the influence of the Fe content in the electrode and electrolyte on the electrode 

activation is evaluated. Lastly, the long-term effect of conditioning on the activity of Ni70Fe30 

during 100 h electrolysis at 100 mA cm-2 is explored. Parts of this chapter are published in 

ChemElectroChem 2024, 11, e202400318.[126] 

 

5.2.1. Optimization of the Electrochemical Conditioning of Ni70Fe30 as 

Model Electrode 

To study the influence of the conditioning parameters on the OER performance of Ni-Fe-based 

electrodes, the conditioning of Ni70Fe30 (Ni70wt%Fe30wt%, Ni69at%Fe31at%) as a model electrode was 

systematically optimized. As an evaluation parameter, the activation by conditioning was 

defined as the difference between the potentials at a certain current density, e.g. 10 mA cm-2, 

before and after conditioning, E10 (for more details see chapter 4.3.2, Investigation of 

Electrochemical Conditioning). An increase in activation will result in a negative E10 (E10,after 

< E10,before). For better readability, –E10 is plotted in the following. First, the conditioning of 

the electrode under constant operation at OCP and 100 mA cm-2 was tested for reference. 

Figure 5.17a compares the activation from operation at OCP and 100 mA cm-2 to CV 
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conditioning between different potential limits at 100 mV s-1. All procedures were performed 

for 30 min. 

 

Figure 5.17. a-d) Activation of Ni70Fe30 resulting from different conditioning. a) Conditioning for 30 min at OCP, 
100 mA, and by CV with different potential limits. Conditioning time and scan rate are constant at 
30 min and 100 mV s-1. b) CV conditioning with different hold times at the upper (1.6 V) and lower 
(0.5 V) potential limit. Conditioning potential window, scan rate, and time are constant at 0.5-1.6 V, 
100 mV s-1, and 30 min. c) CV conditioning at different scan rates for a fixed conditioning time of 30 min 
and a fixed number of 82 CV cycles. Conditioning was performed in the potential range of 0.5-1.6 V. 
With the time fixed to 30 min, 9, 82, and 402 CV cycles were completed for 10, 100, and 500 mV s-1, 
respectively. d) CV conditioning for 1, 6, and 12 h, which corresponds to 804, 4819, and 9638 cycles. 
Conditioning potential window and scan rate are constant at 0.5-1.6 V and 500 mV s-1. 

As seen in Figure 5.17a, conditioning the electrode at OCP or by CV cycling within the 

capacitive regime (0.5-1.0 V) did not show a significant activation (< 10 mV). A slight activation 

of 10±4 mV could be obtained when applying a constant current of 100 mA cm-2. This could 

be significantly improved to >14 mV by CV cycling in potential regions with relevant redox 

features of Ni or Fe. In alkaline electrolytes, the following redox potentials vs. RHE were 

reported, which are intensively discussed in the chapters 2.2.1 and 2.2.2 (see Figure 2.2 and 

Figure 2.3): Ni(0) to Ni(II): 0.0-0.5 V,[29,55] Ni(II) to Ni(0): –0.2-0.1 V,[55] Ni(II) to Ni(III) / Ni(III) to 
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Ni(II): 1.2-1.5 V,[29,53,76] Fe(0) to Fe(III) via Fe(I/II) and vice versa between –0.2-0.6 V.[59,60] As 

discussed in chapter 2.2.4, the formation of a thin and compact anhydrous oxide layer with a 

hydrous oxide layer on top is suggested to form during constant current operation at 

100 mA cm-2. The diffusive oxidation process is, however, comparably slow at these 

conditions, and a stronger activation would only be visible after a longer conditioning time. At 

OCP, hence without a forced oxidative current, this surface oxidation process is much slower, 

resulting in no visible activation. During CV conditioning with relevant redox features of Ni or 

Fe, the activation is proposed to be enhanced compared to the application of a constant 

oxidative current, because the respective hydrous oxides are formed more efficiently. The 

reductive sweep reduces the anhydrous layer and facilitates rearrangement and the formation 

of a larger hydrous oxide layer during the oxidative sweep.  

Figure 5.17a shows that when comparing the potential windows with the same size of 0.5 V, 

the largest activation of 25±4 mV was achieved when cycling between –0.35-0.15 V, followed 

by 1.1-1.6 V, 1.0-1.5 V, and 0.5-1.0 V. This indicates that the application of low as well as high 

potentials seems to be beneficial for activation. Within the low potential window between  

–0.35-0.15 V, the redox couple Fe(0)/Fe(II) is reported.[29,55,59,60] Hence, Fe dissolution might 

be favored in this regime, resulting in an increase in surface area. This is in line with a previous 

report, which stated that CV cycling of steel electrodes in the lower potential regime (–0.074-

0.924 V vs. RHE) resulted in an increased Fe leaching and, thus, a larger surface area.[33] The 

increase in surface area is supported by the qualitative comparison of the Ni(II)/Ni(III) redox 

peak areas after conditioning of Ni70Fe30 between –0.35-1.6 V and 0.5-1.6 V at 100 mV s-1 for 

30 min, as shown in Figure 5.18. Figure 5.18 illustrates the CV (1-1.6 V, 100 mV s-1) of Ni70Fe30 

before and after conditioning. 

 

Figure 5.18. CV (1-1.6 V, 100 mV s-1) of Ni70Fe30 before and after conditioning between –0.35-1.6 V and 0.5-1.6 V 
at 100 mV s-1 for 30 min (46 and 82 cycles, respectively). The larger oxide charge capacity of the 
Ni(II)/Ni(III) redox peaks for conditioning between –0.35-1.6 V compared to 0.5-1.6 V indicates more 
accessible Ni sites and a larger surface area.  

In Figure 5.18, the Ni(II)/Ni(III) redox peak areas increase due to conditioning with the large  

(–0.35-1.6 V) and small (0.5-1.6 V) potential window. The increase in peak area is, however, 

more significant when including the HER (–0.35-1.6 V). This indicates more accessible Ni-
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oxide sites. A more detailed quantitative analysis of the Ni(II)/Ni(III) redox peak areas in 

correlation to the obtained activation will be discussed later in this chapter. 

Figure 5.17a shows that also the higher potentials are very significant for the activation by 

electrochemical conditioning. At higher potentials, Ni(II) to Ni(III) oxidation and reduction take 

place between 1.2-1.5 V in 1 M KOH.[29,53,76] When including the OER in the CV conditioning, 

additional or different oxides might be formed or transformed, and a deeper oxygen penetration 

or uptake of excess oxygen might occur.[12,28,74] One can see that conditioning with a 0.5 V 

potential window within the Fe(0)/Fe(II) regime resulted in a larger activation compared to 

cycling at higher potentials, where the oxidation of Ni(II)/Ni(III) and OER occurs. At higher 

potentials, the lower potential limit might be too high for sufficient reduction of the formed 

anhydrous oxides and the subsequent rearrangement of the oxide structure. Additionally, less 

Fe might be dissolved. This implies the importance of the lower potential limit over the upper 

potential limit. 

The activation was maximized to 47±7 mV when enlarging the potential window and combining 

the HER and OER regime (see Figure 5.17a). This summarizes the above-stated observation 

and is in line with previous works on hydrous oxide films on Fe,[12] stating that a low lower and 

a high upper potential limit are beneficial for an efficient hydrous oxide formation. The lower 

potential limit in the HER enhances the formation of the hydrous oxide by partially reducing the 

anhydrous oxide layer formed at higher potentials. The upper potential limit in the OER regime 

produces the required multilayer of (an)hydrous oxide and ensures deep penetration of 

oxygen. Further, it is interesting to note that these potential limits of –0.35 V and 1.6 V approx. 

coincide with the reported optimum lower and upper potential limit for the hydrous oxide growth 

when cycling Ni (< –0.4 V, ≥ 1.6 V)[58,75] and Fe (–0.2 V, high Ehigh).[28]  

For an increased focus on the upper and lower potential limits, the effect of introducing hold 

times at these potential limits was investigated. A schematic representation of the potential 

profiles is illustrated in Figure 4.8e. While now more time is spent at the upper or lower potential 

limit during the fixed conditioning time of 30 min, the number of cycles is reduced. Figure 5.17b 

shows the resulting activation. A slightly decreasing trend for the activation with increasing 

hold times can be seen, independent of the potential during the hold time. This is in line with 

the results in Figure 5.17a, where little to no significant activation at constant operation at 

higher (100 mA cm-2) and lower (OCP) potentials was observed. This supports the hypothesis 

that potential cycling is decisive for efficient surface oxidation. Thus, for a fixed conditioning 

time, the number of cycles showed a superior influence compared to the additional 

reduction/oxidation occurring at the lower or upper potential limits. 

When the conditioning time is fixed, the number of cycles can alternatively be varied by the 

scan rate. Figure 5.17c shows the influence of the scan rate on the activation of the Ni70Fe30 

electrode when cycling for a constant time of 30 min or a constant number of 82 CV cycles. 

When conditioning for a constant time, the activation increased from 14±2 mV at 10 mV s-1 to 

20±2 mV at 100 mV s-1 and 500 mV s-1. Applying a higher scan rate for a fixed conditioning 

time results in a higher number of performed CV cycles. Hence, assuming no kinetic limitation 

of the surface oxidation, the increased activation with increasing scan rate is probably a result 

of the higher number of cycles being performed. When conditioning for a constant number of 

82 CV cycles, this trend was reversed, and the conditioning at 10 mV s-1 with 38±1 mV 

outperformed the activation when conditioning at 100 and 500 mV s-1. This corresponds to an 

increased oxide growth per cycle for lower scan rates. The saturation of the activation with 
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increasing scan rate when conditioning for a fixed time illustrates the trade-off between 

increased oxide growth per cycle and the absolute oxide growth, which also depends on the 

total number of cycles. 

To assess the impact of conditioning time or rather the number of cycles, the conditioning was 

extended to 12 h. Conditioning was performed between 0.5-1.6 V at 500 mV s-1. The resulting 

activation in dependence on the time can be seen in Figure 5.17d. An increase of activation 

with time from 26±8 mV after 1 h to 57±6 mV after 12 h was observed. Although the activation 

from 6 h to 12 h was less than for the first 6 h, a final saturation after 12 h was not visible, 

suggesting that an ongoing activation with further cycling would be possible. 

Summarizing, the conditioning of Ni70Fe30 would yield the largest activation when performing 

CV cycling between –0.35-1.6 V at 10 mV s-1 for a high number of cycles (≥ 50). For a fixed 

conditioning time of 30 min, a high scan rate (≥ 100 mV s-1) without hold times at the upper or 

lower potential limit was beneficial. Thus, CV cycling between –0.35-1.6 V at 100 mV s-1 for 

30 min was used as optimized conditioning for further studies in the following.  

To better understand the influence of the scan rate, the conditioning between –0.35-1.6 V was 

performed at 10, 100, and 1000 mV s-1 over 24 h with a CP at 10 mA cm-2 every hour to track 

the activity, as demonstrated in Figure 5.19.  

 

Figure 5.19. Time dependency of the activation of Ni70Fe30 when conditioning between –0.35-1.6 V at 10, 100, and 
1000 mV s-1. Experiments were performed in 1 M KOH at RT. A CP was conducted every 0.5-1 h. 
Ni99.99 was used as CE. The electrolyte was circulated. The experiments are single measurements. 

Figure 5.19 shows that activation increased and saturated with time for all scan rates. After 

30 min conditioning, using a high scan rate of 1000 mV s-1 during conditioning resulted in an 

activation of 57 mV, outperforming 100 and 10 mV s-1. After 2 h, the activation from 

conditioning at 1000 mV s-1 was maximized and dropped slightly thereafter, possibly due to 

degradation of the oxide film. In Figure 5.19, this results in a cross-over with 100 mV s-1 after 

2 h and 10 mV s-1 after 6 h. Over 24 h, 100 mV s-1 consistently outperformed 10 mV s-1. After 

24 h, the activation for conditioning with these two scan rates is, however, almost the same 

with 97 mV (100 mV s-1) and 94 mV (10 mV s-1). As the slope (activation per hour) is greater 

for 10 mV s-1 than 100 mV s-1, there might be a crossing point of these two curves after 24 h. 

While the activation per hour for 10 mV s-1 is larger than for 100 mV s-1, it still decreases with 
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time and indicates that the activation will saturate soon. These activation trends with time for 

the different scan rates support the hypothesis of a trade-off between efficient and absolute 

oxide growth. A thin oxide layer can most efficiently form at high scan rates. Thicker oxide 

layers can, however, only form when conditioning at lower scan rates for a longer time since 

these low scan rates allow more time for the reduction and oxidation of the surface to disperse 

through the entire oxide film.  

The observed correlations between activation and conditioning parameters are hypothesized 

to primarily result from forming a hydrous oxide layer on the electrode surface. In order to 

support this hypothesis, the change in oxide charge capacity of the Ni(II)/Ni(III) redox peaks 

by conditioning was evaluated and correlated to the activation. For that, the oxidative and 

reductive Ni(II)/Ni(III) redox peak areas were integrated for the activity CVs (1-1.6 V, 

100 mV s-1) before and after conditioning. All tested CV conditionings without hold times 

(Figure 5.17a, c, d) were considered. For the time-resolved conditioning (–0.35-1.6 V, 

100 mV s-1, 0.5-24 h), the conditioning CVs were evaluated. The change in the peak area from 

before to after conditioning is defined as dQox or dQred, respectively. Figure 5.20 shows the 

dependency of the activation of Ni70Fe30 on the change in the oxide charge capacity dQox for 

various conditioning parameter sets. While in Figure 5.17 the activation was averaged over 

three measurements, here in Figure 5.20, each data point represents a single measurement. 

As the peak integration is very prone to errors, the shown oxide charge capacities need to be 

considered carefully.  

Figure 5.20 demonstrates an increase of activation with the increase in oxide charge capacity 

dQox, which saturates after dQox reaches approx. 60 mC and an activation of 83 mV. It needs 

to be noted that saturation is primarily indicated by one time-resolved experiment. Still, in the 

regime of lower activation (E10 < 60 mV), where most conditioning sequences show their 

activation, the trend of increasing activation with the change in oxide charge capacity can be 

seen clearly. However, scattering around this trend is also visible, reflecting the error-

proneness of the integration method and the experiment. The activation in dependence on the 

oxide charge capacity of the reductive Ni(II)/Ni(III) peak is shown in Figure S5 in the appendix 

and shows the same trends. This correlation between activation and change in oxide charge 

capacity supports the hypothesis that activation is primarily dominated by forming a (hydr)oxide 

film on the electrode and, thus, a larger active surface area. Lyons et al. demonstrated a similar 

correlation between OER activity and the oxide charge capacity for Ni and Fe electrodes.[28,29] 

Also, Mattinen et al. showed that for different Ni-based pre-catalysts, the OER activity is 

strongly correlated to the oxide charge capacity and that when normalized to it, the same OER 

activity for all pre-catalysts was obtained.[68] Still, it needs to be noted that even though this 

formation of a (hydr)oxide film might dominate the observed activation trends, different surface 

processes such as Fe dissolution/incorporation or phase changes probably occur additionally 

and should not be neglected. It is even very likely that this observed correlation between 

activation and hydroxide layer formation is only as pronounced since the starting material is 

an unoxidized metal. Whereas if the starting material would be a Ni(OH)2-based catalyst, the 

predominating effects for activation during electrochemical conditioning might be different, 

such as phase transitions and Fe incorporation from the electrolyte. Concluding, while the 

activation trends of Ni70Fe30 due to conditioning seem to be primarily dominated by Ni(OH)2 

formation, further induced surface changes for Ni70Fe30 by conditioning will be characterized in 

chapter 5.2.3 to gain a deeper understanding of the occurring processes.  



5   Results and Discussion 

 

 

77 

 

 

Figure 5.20. Electrode activation of Ni70Fe30, depending on the change in oxide charge capacity of the oxidative  
Ni(II)/Ni(III) peak (1.2-1.5 V vs. RHE). The oxide charge capacity was determined by integrating the 
oxidative Ni(II)/Ni(III) peak for the activity CVs (1-1.6 V, 100 mV s-1) before and after conditioning. For 
the time-resolved conditioning (–0.35-1.6 V, 100 mV s-1, 0.5-24 h), the conditioning CVs were 
evaluated. The conditioning sequences correspond to those from Figure 5.17a, c), d), and Figure 5.19 
(100 mV s-1). All experiments were conducted in 1 M KOH at RT.  

Lastly, the sustainability of the activation by the optimized conditioning (–0.35-1.6 V,  

100 mV s-1, 30 min, 46 cycles) over time was determined. Therefore, an unconditioned and a 

conditioned Ni70Fe30 electrode were tested at 100 mA cm-2 for 100 h during continuous 

operation and the results can be seen in Figure 5.21. 

Figure 5.21 shows that for the unconditioned electrode, the potential started at 1.62 V, 

deactivated to 1.78 V after about 1.4 h, and then dropped again to 1.76 V after approx. 7.1 h. 

Within the next 30 h, the potential increased continuously. In the last 20 h, the potential 

increase decreased to 0.4 mV h-1 and the final potential after 100 h electrolysis was 1.94 V. 

The conditioned electrode, on the contrary, showed a stable performance with an initial 

potential of 1.58 V and a constant degradation rate of 0.4 mV h-1. Consequently, with a 

potential difference of 0.32 V after 100 h of electrolysis, it is evident that conditioning yields a 

beneficial impact on the electrode activity even in the long term. This indicates that while the 

oxide layer formed by CV conditioning is stable during constant current operation, the 

unconditioned electrode surface undergoes dynamic changes, which show first an activating 

and then a deactivating effect. 
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Figure 5.21. Long-term stability (100 mA cm-2 for 100 h) of an unconditioned and CV-conditioned Ni70Fe30 
electrode. CV conditioning was performed between –0.35-1.6 V at 100 mV s-1 for 30 min (46 cycles). 

Experiments were performed in 1 M KOH at RT. The electrolyte was circulated. 

In conclusion, systematic parameter variation for the conditioning of Ni70Fe30 revealed that 

cycling with a high upper and low lower potential limit (–0.35-1.6 V) is most beneficial for the 

electrode activation. Which scan rate enhances activation most depends on the number of 

cycles or instead on the conditioning time. Activation saturates with conditioning time. For short 

conditioning times of less than 2 h, a high scan rate is most beneficial (1000 > 100,  

10 mV s-1). However, the activation is inhibited faster when conditioning at 1000 mV s-1, and 

saturation is already visible after 2 h. For longer conditioning times (2-24 h), slower scan rates 

achieve a larger activation (100 > 10 > 1000 mV s-1). From the observed trends, it can be 

anticipated that 10 mV s-1 might even outperform 100 mV s-1 for conditioning times longer than 

24 h. The correlation between conditioning parameters and activation is suggested to primarily 

result from surface oxidation and enlargement, which is supported by the increasing activation 

with increasing oxide charge capacity of Ni(OH)2. 

 

5.2.2. Influence of the Fe content of the WE and the Electrolyte 

Variation of Fe Content in the Electrode  

Based on the optimization of the conditioning for Ni70Fe30 as a model electrode, the identified 

trends were applied to Ni and Ni-Fe electrodes with different Fe contents. Figure 5.22 

compares the activation of Ni99.99 and Ni70Fe30 resulting from CV conditioning with three 

different sequences, each for a) 30 min and b) 46 cycles. The conditioning was performed with 

two different potential windows, –0.35-1.6 V and 0.5-1.6 V, at 100 mV s-1 and at two different 

scan rates, 10 and 100 mV s-1, for –0.35-1.6 V.  
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Figure 5.22. Activation of Ni99.99 and Ni70Fe30 resulting from CV conditioning between –0.35-1.6 V at 10 mV s-1,  
–0.35-1.6 V at 100 mV s-1, and 0.5-1.6 V at 100 mV s-1 for a) 46 cycles and b) 30 min. With a fixed 
numer of cycles of 46, the conditioning time was 16.9 min (0.5-1.6 V, 100 mV s-1), 29.9 min (–0.35-
1.6 V, 100 mV s-1), and 299 min (–0.35-1.6 V, 10 mV s-1). With a fixed time of 30 min, 82 (0.5-1.6 V, 
100 mV s-1), 46 (–0.35-1.6 V, 100 mV s-1), and 5 (–0.35-1.6 V, 10 mV s-1) CV cycles were performed. 
Experiments were performed in 1 M KOH at RT. 

In Figure 5.22a, for a constant number of cycles, the activation of Ni99.99 and Ni70Fe30 shows 

the same trend. Namely, the highest activation was found for the largest potential window with 

the low scan rate (–0.35-1.6 V, 10 mV s-1), followed by the same potential window with the high 

scan rate (–0.35-1.6 V, 100 mV s-1), and lastly the smaller potential window (0.5-1.6 V, 

100 mV s-1). This trend is in line with the conditioning optimization for Ni70Fe30. Interestingly, 

similar trends were observed for various Ni-Fe compositions (compare Figure 5.24) and were 

also reported for the conditioning of different steels, as well as pure Ni and Fe.[12,28,29,31,59,60,74] 

Upon closer examination, it becomes apparent that the impact of the lower potential limit on 

the activation was more pronounced for Ni70Fe30 in contrast to Ni99.99. Possibly, this potential 

regime favors Fe dissolution. Since within the tested Ni-Fe alloys, 10-20 wt% Fe were 

favorable for the absolute OER activity (Figure S6), the Fe-dissolution from Ni70Fe30 during 

conditioning results not only in a larger active surface area but also in a slightly more beneficial 

Ni:Fe ratio. Comparing the different scan rates, one can see that the difference between the 

activation at 10 and 100 mV s-1 was larger for Ni99.99 than for Ni70Fe30. This indicates that the 

activation of Ni99.99 is kinetically more hindered. In chapter 5.2.1, the activation trends when 

conditioning Ni70Fe30 were suggested to result primarily from surface oxidation and 

enlargement, which was supported by the correlation between activation and the increase of 

the Ni(OH)2 amount. The kinetic limitation for the activation of Ni99.99 then suggests that the 

oxidation of Ni is slower than that of a Ni-Fe alloy. In the case of the oxidation of Ni centers, 

their oxidation from Ni(II) to Ni(III) was reported to be rather suppressed than enhanced with 

Fe present in the electrode.[61,67,69] Hence, it might be rather the Ni to Ni(OH)2 conversion at 

lower potentials, which is kinetically limited. The presence of Fe in the electrode could either 

enhance this reaction or the Fe dissolution, which occurs at the lower potentials as well, might 

generate a larger surface and more accessible Ni sites, facilitating mass transport of hydroxide 

and water. This in turn might enhance the mass-transport-limited reaction. An alternative 

explanation is based on the fact that the formation of mixed Ni-Fe-oxides or Fe-oxides within 
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a Ni(OH)2 structure is responsible for the activation. While Fe is already present in the Ni-Fe 

alloy and the formation of Ni-Fe-oxides is not limited by Fe availability, Fe still needs to be 

incorporated in the case of Ni99.99. Hence, it could be that this kinetic limitation of the activation 

might be due to a slow Fe incorporation from the electrolyte into the forming Ni(OH)2 layer. 

For a constant time of 30 min, as depicted in Figure 5.22b, a different trend was observed. 

Here, the highest activation resulted when conditioning with the large potential window at a 

high scan rate (–0.35-1.6 V, 100 mV s-1), followed by the smaller potential window at the same 

scan rate (0.5-1.6 V, 100 mV s-1), and lastly the large potential window at the low scan rate  

(–0.35-1.6 V, 10 mV s-1). The order is changed since the number of cycles varies between the 

different conditionings. 82 (0.5-1.6 V, 100 mV s-1), 46 (–0.35-1.6 V, 100 mV s-1), and 5 (–0.35-

1.6 V, 10 mV s-1) CV cycles were performed for the respective conditioning. This explains why 

the smallest activation resulted for the conditioning with 10 mV s-1 since here the number of 

cycles is an order of magnitude lower than for the other two. Interestingly, the activation of 

Ni99.99 was approximately double that of Ni70Fe30 under these conditions. This hints at the 

activation of Ni99.99 increasing more rapidly within the first few cycles and supports the 

hypothesis of a kinetically limited activation. Comparing the two potential windows, it becomes 

evident that for Ni70Fe30, the lower potential limit demonstrated a more substantial impact on 

the activation than a higher frequency of cycles over the Ni-redox peak. For Ni99.99, the 

increased cycling over the Ni(II)/Ni(III) redox peaks showed a similarly beneficial effect as 

conditioning with a lower potential limit and a reduced number of cycles. This supports the 

hypothesis that the importance of the lower limit for the activation depends on the amount of 

Fe content in the electrode. 

To better resolve the impact of the HER regime and the scan rate during conditioning on the 

activation of Ni99.99, the activation was analyzed over time, as illustrated in Figure 5.23. 

Conditioning was performed between 0.5-1.6 V and –0.35-1.6 V at 10 and 100 mV s-1 for a 

maximum of 24 h with a CP at 10 mA cm-2 every hour. Figure 5.23 shows that independent of 

which conditioning was used, activation increases first rapidly and then levels off over time. 

Conditioning between 0.5-1.6 V resulted in a lower activation compared to conditioning 

between –0.35-1.6 V. At 100 mV s-1, activation saturated at 37±2 mV after 14 h conditioning 

between 0.5-1.6 V and at 70±2 mV after 9 h conditioning between –0.35-1.6 V. This highlights 

that even though conditioning with the HER regime might be more important for Ni70Fe30 than 

for Ni99.99 (see Figure 5.22), it is also significantly important for the absolute activation of Ni99.99.  

This is particularly evident during longer conditioning times as the saturation limit for activation 

appears to vary depending on the lower potential limit. Interestingly, the influence of the scan 

rate on activation is different depending on the potential window. When conditioning between 

–0.35-1.6 V, activation saturated at 67±2 mV after 16 h conditioning at 10 mV s-1 and was, 

thus, slightly lower than that at 100 mV s-1. For the conditioning window of 0.5-1.6 V, the 

saturated activation of 53 mV after 16 h conditioning at 10 mV s-1 was higher than that at 

100 mV s-1. A possible explanation could be that Fe incorporation from the electrolyte into Ni 

(hydr)oxides is stabilized at lower potentials. Lowering the scan rate increases the time spent 

at these low potentials. Since significantly more time is spent at the lower potentials for the 

potential window –0.35-1.6 V, a low scan rate might not be as influential here. It must be noted 

that during the conditioning between 0.5-1.6 V at 10 mV s-1, the electrolyte flow was shortly 

disconnected, and the electrodes were exposed to air between the 4th and 5th hour of 

conditioning. This might have led to the sudden increase in activation at this point. 
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Figure 5.23. Time dependency of the activation of Ni99.99, when conditioning between 0.5-1.6 V and –0.35-1.6 V at 
10 and 100 mV s-1. A CP was conducted every 0.5-1 h. Experiments were performed in 1 M KOH at 
RT. The asterisk (*) indicates that during this experiment, the electrolyte flow was shortly disconnected, 
and the electrodes were exposed to air between the 4th and 5th hour of conditioning. The experiments 
are single measurements. 

Regarding the activation of Ni99.99, Ni99.2, Ni90Fe10, Ni80Fe20, and Ni70Fe30 resulting from CV 

conditioning with the same sequences shown in Figure 5.22b, activation is compared in Figure 

5.24. For all materials, the same trends as in Figure 5.22b were found. Figure 5.24 identifies 

that Ni99.99 and Ni99.2 perform similarly, as well as the Ni-Fe alloys among one another.  

 

Figure 5.24. Activation of different Ni-(Fe)-electrodes (Ni99.99, Ni99.2, Ni90Fe10, Ni80Fe20, Ni70Fe30) resulting from CV 
conditioning between –0.36-1.6 V at 10 mV s-1, –0.35-1.6 V at 100 mV s-1, 0.5-1.6 V at 100 mV s-1 for 
30 min. 82 (0.5-1.6 V, 100 mV s-1), 46 (–0.35-1.6 V, 100 mV s-1), and 5 (–0.35-1.6 V, 10 mV s-1) cycles 
were performed. Note that this Figure represents a coherent data set. Thus, single data points can 
deviate within the error range from the values in Figure 5.17.  

Similarly as in Figure 5.22b, the activation of Ni was more than double compared to all Ni-Fe 

alloys at the low scan rate. Also in line with Figure 5.22b, the lower potential limit showed a 

larger impact on the activation of the Ni-Fe alloys than a higher frequency of cycles over the 
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Ni-redox peak. Interestingly, activation increased with rising Fe content in the electrode when 

conditioning between –0.35-1.6 V at 100 mV s-1. This supports the hypothesis that the lower 

potential limit is of increasing importance for the activation with rising Fe content in the 

electrode. This could be attributed to an increased Fe dissolution in electrodes with higher Fe 

content. The Fe dissolution might result in a larger surface area, more accessible Ni centers, 

and a subtle improvement in the Ni:Fe ratio. 

To validate this hypothesis, the Fe dissolution was investigated in-situ by ICP-OES during the 

conditioning of Ni70Fe30 between –0.35-1.6 V and 0.5-1.6 V. Three analysis CVs at a scan rate 

of 2 mV s-1 were performed, followed by a 30 min conditioning at 100 mV s-1, and lastly again 

one analysis CV at 2 mV s-1. K was measured as an internal standard. The Fe and K 

concentrations for the entire sequence can be seen in Figure S7 in the appendix and in Figure 

5.39 in chapter 5.2.3. The K concentration is constant over the course of the experiment for 

both sequences. The sharp intensity drops are associated with gas evolution. The Fe 

concentration remains relatively constant over most of the experiment. Only during the first 

analysis CV and during the 30 min CV conditioning between –0.35-1.6 V a significant Fe 

dissolution is visible. Thus, Figure 5.25 focuses on a) the first analysis CV and b) the 30 min 

CV conditioning at 100 mV s-1. 

 

Figure 5.25. Fe concentration, measured in-situ by ICP-OES, while performing a) CV at 2 mV s-1 and b) CV 
conditioning at 100 mV s-1 on Ni70Fe30. CV was conducted between –0.35-1.6 V and 0.5-1.6 V in 1 M 
KOH at RT. The Fe and K concentrations for the entire sequence can be seen in Figure S7 and also 
in Figure 5.39 and Figure S20. The potential window –0.35-1.6 V in a) is also displayed in Figure 5.15.  

Figure 5.25a shows that Fe dissolution occurs during the oxidative potential sweep between 

0.3-1.2 V. As the conditioning between 0.5-1.6 V covers only a part of this potential window, 

the Fe dissolution appears to be smaller compared to the conditioning between –0.35-1.6 V. 

This enhanced Fe dissolution for the conditioning between –0.35-1.6 V becomes more evident 

when comparing the course of the Fe concentration during the CV conditioning at 100 mV s-1 

for 30 min in Figure 5.25b. While the Fe concentration stays constant at 116 ppb when 

conditioning between 0.5-1.6 V, the Fe concentration increases to approx. 121 ppb when 

cycling between –0.35-1.6 V. This supports the hypothesis that conditioning with –0.35 V as a 

lower potential limit enhances Fe dissolution for Ni-Fe electrodes. Such an increased Fe 
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dissolution at lower potentials aligns with the works by Zuo et al. on the conditioning of steel 

electrodes.[33] 

 

Variation of Fe Concentration 

In addition to varying the Fe content in the electrode, the impact of different Fe contents in the 

electrolyte on activity and activation was investigated. Figure 5.26 displays the OER potential 

at 10 mA cm-2 for Ni99.99 and Ni70Fe30 before and after CV conditioning at different Fe 

concentrations. Conditioning was performed between –0.35-1.6 V at 100 mV s-1 for 30 min (46 

cycles). The Fe concentrations were set to approx. 10±5, 110±10, and 950±10 ppb by 

choosing a KOH batch with a low Fe concentration (10 ppb) and by Fe(NO)3 addition (110 ppb, 

950 ppb). The detailed electrolyte preparation can be found in chapter 4.1. For the previously 

discussed conditioning optimization for Ni70Fe30, 1 M KOH with 110 ppb Fe was used.  

 

Figure 5.26. Potential at 10 mA cm-2, E10,RHE, before and after CV conditioning with different Fe concentrations of 
approx. 10, 110, and 950 ppb in the electrolyte. Conditioning was performed between –0.35-1.6 V at 
100 mV s-1 for 30 min (46 cycles) in 1 M KOH at RT. 

In Figure 5.26, it is evident that at very low Fe concentrations in the electrolyte of approx. 

10 ppb, the potential of unconditioned Ni99.99 was very high at 1.84±0.01 V in contrast to Fe 

concentrations larger than 100 ppb. At Fe concentrations of 110 ppb and 950 ppb, no 

significant differences in potentials were observed within the margin of error, resulting in an 

average potential of approx. 1.59±0.03 V. This aligns with previous reports, which state that 

the activity of Ni hydr(oxy)oxide only depends on the Fe concentration for concentrations 

smaller than 100 ppb.[72] It is important to note that determining the potential at 10 ppb Fe 

proved challenging as the potential increased significantly during its 10 min measurement time, 

as shown in Figure S8. This indicates an instability of the electrode-electrolyte interface. Such 

pronounced deactivation was not observed for the electrolytes with higher Fe concentrations. 

After conditioning, the potential at 10 ppb Fe was decreased. It was, however, still 100 mV 

higher than for electrolytes containing ≥110 ppb Fe, where an average potential of 1.56±0.03 V 

was obtained after conditioning, as seen in Figure 5.26 (also compare Figure S8). This 

suggests that Fe incorporation and stabilization of a dynamic Fe equilibrium might be difficult 

during constant current operation of Ni99.99 at 10 ppb without conditioning. During conditioning, 
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a (hydr)oxide layer grows, which might enable a slight Fe incorporation, stabilizing the surface-

electrolyte interface. This aligns with previous reports stating that a stable dynamic Fe-

dissolution-redeposition equilibrium is required for stable OER performance.[72,127] However, it 

needs to be noted that Son et al. reported a deactivation of Ni when conditioning (CP: 

5 mA cm-2 for 24 h, CV: 1.1-1.63 V vs. RHE, >1000 cycles) in Fe-free electrolyte.[63] The 

deactivation during conditioning by CP is in line with the herein-reported instability of the CP 

at 10 ppb Fe before conditioning. Comparing the CV conditioning, it becomes clear that the 

conditioning from Son et al. does not cover the lower potential regime, while the conditioning 

used in this work includes the OER and HER regime. Thus, this suggests that the lower 

potential regime might be responsible for generating a more active and stable oxide. If 

sufficient Fe is present in the electrolyte (110, 950 ppb), a stable dynamic Fe-dissolution-

redeposition equilibrium is suggested to establish even before conditioning, resulting in a 

similar activity of Ni99.99 in these two electrolytes. Chung et al. suggested that for each MOxHy 

surface, there is an Fe saturation coverage. When this coverage is achieved, a further increase 

in Fe concentration does not affect the electrode activity or Fe incorporation.[72] As seen in 

Figure 5.26, the activation of Ni by conditioning was not limited by the Fe concentration in the 

electrolyte bulk at Fe concentrations of 110 and 950 ppb. This could be due to different 

reasons. For once, this observation supports the hypothesis of a stable dynamic Fe-equilibrium 

at the surface. Another possible explanation is that instead of the Fe incorporation from the 

electrolyte, the amount of formed Ni(OH)2 is limiting activation. Ni(OH)2 acts as a host and only 

if sufficient Ni(OH)2 is present, Fe can be incorporated. Since the conditioning parameters are 

the same and it is assumed that the Fe concentration does not affect the Ni(OH)2 formation, a 

similar activation would result due to a similar amount of Ni(OH)2 present. This is in line with 

previous reports from Mattinen et al., who showed a strong correlation between the amount of 

Ni(OH)2 and of Fe being incorporated. However, they also showed that the oxide charge 

capacity, i.e. the amount of formed Ni(OH)2, did indeed depend on the Fe concentration in the 

electrolyte. In their study, the oxide charge capacity was lower in Fe-containing electrolyte 

compared to Fe-free electrolyte, probably due to a suppression of the Ni(II)/Ni(III) oxidation.[68] 

However, it needs to be noted that their cycling conditions were different from the ones 

reported here. They did not cycle to potentials lower than 0.8 V vs. RHE (0.855-1.655 V vs. 

RHE, 10 mV s-1, up to 150 cycles). Hence, the cycling to lower potentials seems to be essential 

to not lose oxide charge capacity when conditioning Ni in (highly) Fe-containing electrolytes. 

Going to lower potentials might be required for the Ni(0) to Ni(OH)2 transformation, which 

increases the Ni(OH)2 layer into the bulk metal and ensures a stable Ni(OH)2 layer also at 

elevated Fe concentrations. 

For Ni70Fe30, the potential before conditioning of 1.58±0.01 V was unaffected by changes in Fe 

concentrations. This suggests that there is enough Fe present to ensure a stable dynamic Fe-

equilibrium at the electrode surface. At low Fe concentrations in the electrolyte bulk, the 

dynamic Fe-equilibrium might be sustained by an enhanced Fe dissolution from the Ni-Fe alloy, 

which increases the local Fe concentration at the electrode interface. By conditioning, a similar 

activation for Fe concentrations of 10 and 110 ppb was obtained with 46±7 mV for 10 ppb and 

47±6 mV for 110 ppb. The activation in an electrolyte with 950 ppb Fe was lower with 33±2 mV. 

A possible explanation for the lower activation at 950 ppb Fe might be that at these high Fe 

concentrations, less Fe dissolution occurs, resulting in a smaller increase of active surface 

area by conditioning. Alternatively, the Ni oxidation could become more suppressed with 

increasing Fe concentration in the electrolyte and at the electrode interface. This is in line with 
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previous reports, which stated an increased suppression of the Ni oxidation with a larger Fe 

content in the electrode and electrolyte.[61,67–69] The suppressed Ni oxidation directly 

corresponds to a decreased activation since the activation is correlated to the amount of 

formed Ni(OH)2, as discussed in chapter 5.2.1.  

 

Conclusion 

To summarize, conditioning Ni and Ni-Fe alloys with an Fe content between 10-30 wt% 

revealed that all materials show similar correlations between activation and conditioning 

parameters, though the absolute extent of these activation trends varied slightly. For example, 

while Ni99.99 and Ni70Fe30 showed the most significant activation at low scan rates (10 mV s-1) 

for a fixed number of cycles, low scan rates were particularly important for Ni. This suggests 

that the activation of Ni99.99 is kinetically more hindered or that more time in the lower potential 

regime is required for efficient oxide growth and stabilization of Fe incorporation. Kinetic 

limitation could result from a slow Ni to Ni(OH)2 formation and a slow Fe incorporation. 

Investigating the influence of the Fe concentration on the activation, it was observed that if 

sufficient Fe is present in the electrolyte (c(Fe) ≥ 110 ppb), the activity and activation of Ni99.99 

were independent of the Fe concentration. This could be due to a stable dynamic Fe 

equilibrium at the electrode interface, which results in a stable rate of Fe incorporation. 

Alternatively, activation might be limited by the availability of Ni(OH)2. If very little Fe is present 

in the electrolyte, strong deactivation occurs for an unconditioned Ni99.99 electrode. 

Conditioning, especially at lower potentials, is suggested to stabilize the surface by oxide 

formation and Fe incorporation. For Ni70Fe30, the activity of the unconditioned electrode is 

unaffected by the Fe concentration in the electrolyte. Activation is slightly lower when 

conditioning with a high Fe concentration (950 ppb), potentially because of a decreased Fe 

dissolution at the electrode, resulting in a smaller surface area increase. Alternatively, higher 

Fe concentrations in the electrolyte might lead to an inhibition of Ni oxidation. 

 

5.2.3. Understanding the Electrode Material Changes Induced by 

Electrochemical Conditioning  

To better understand the processes occurring during the conditioning of bulk Ni-(Fe)-based 

electrodes at lab conditions, the induced surface changes will be analytically characterized in 

the following chapter. More specifically, the surface changes of Ni99.99 and Ni70Fe30 from 

conditioning with two different potential windows, with (–0.35-1.6 V) and without (0.5-1.6 V) the 

HER regime, are investigated by 

• dcCV (= regular direct current CV) 

• FTacV 

• FTIR spectroscopy 

• Optical microscopy, SEM, and EDX  

• XPS 

• ICP-OES 

The activation of Ni99.99 and Ni70Fe30 from CV conditioning between –0.35-1.6 V and 0.5-1.6 V 

at 10 and 100 mV s-1 for 46 cycles is illustrated in Figure 5.27. For both materials, activation 

was enhanced when conditioning between –0.35-1.6 V compared to conditioning between 0.5-
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1.6 V at the same scan rate. For Ni99.99, the difference in activation between the two potential 

windows was smaller. Further, Figure 5.27 shows that conditioning at a low scan rate of 

10 mV s-1 yielded a larger activation for Ni99.99. For Ni70Fe30, the scan rate had only a minor 

impact on the activation. In the previous chapters 5.2.1 and 5.2.2,[126] it is hypothesized that an 

improvement in activation correlates with an enhanced formation of a hydrous (oxy)hydroxide 

layer, such as α-Ni(OH)2/γ-NiOOH. For Ni99.99, the formation of such a hydrous oxide layer is 

suggested to be kinetically limited, resulting in the observed scan rate dependency. 

Considering that most likely mixed Ni-Fe oxides are being formed, a slow Fe incorporation 

could also limit the process. The increased importance of the lower potential limit for Ni70Fe30 

compared to Ni99.99 could be due to an enhanced Fe dissolution for Ni70Fe30 in the lower 

potential regime, as was also recently proposed by Zuo et al.[33] This, in turn, would lead to a 

larger surface area, more accessible Ni sites, and a subtle improvement of the Ni:Fe ratio. 

When comparing the conditioning without the HER regime for the two materials, activation of 

Ni70Fe30 is lower than for Ni99.99 as the Fe in the electrode might suppress Ni oxidation, as was 

previously stated by others.[61,67,69] Activation of Ni99.99 could also increase initially stronger with 

the growth of the hydrous oxide layer than for Ni70Fe30.  

 

Figure 5.27. Activation of Ni99.99 and Ni70Fe30 resulting from CV conditioning between –0.35-1.6 V and 0.5-1.6 V at 
10 and 100 mV s-1 for 46 cycles in 1 M KOH at RT. The conditioning was 16.9 min (0.5-1.6 V, 
100 mV s-1), 168.7 min (0.5-1.6 V, 10 mV s-1), 29.9 min (–0.35-1.6 V, 100 mV s-1), and 299 min (–0.35-
1.6 V, 10 mV s-1). 

 

dcCV 

To get a first insight into the occurring surface changes, the redox peaks of the conditioning 

and activity CVs were evaluated. Figure 5.28 shows the 2nd and 46th conditioning CV cycle 

when conditioning Ni99.99 (a) and Ni70Fe30 (b) with –0.35-1.6 V and 0.5-1.6 V at 10 and 

100 mV s-1 for 46 cycles.  

In Figure 5.28, different redox peaks are visible for Ni70Fe30 (a) and Ni99.99 (b) before (black) 

and after (in color) conditioning. All apparent redox peaks are enhanced by electrochemical 

conditioning, independent of the applied conditioning parameters. Hence, primarily the redox 

features after conditioning are discussed in the following. When conditioning Ni70Fe30 between 
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–0.35-1.6 V at either 10 or 100 mV s-1, Figure 5.28a shows a broad redox peak between –0.2-

0.5 V, indicating the Ni(0)/Ni(II) redox couple [29,55] and the Fe(0) to Fe(III) oxidation via Fe(I/II) 

and the reduction vice versa between –0.2-0.6 V.[59,60] This redox peak between –0.2-0.5 V is 

relatively broad with little fine structure, making further interpretation difficult. When 

conditioning Ni99.99 (b) between –0.35-1.6 V at 100 mV s-1, an oxidative peak between 0-0.5 V 

can be seen in the 46th CV. At 10 mV s-1, this peak is visible only with very little intensity due 

to the decreased scan rate. Based on previous reports, this peak can be assigned to the 

oxidation of Ni(0) to α-Ni(OH)2.[29] It is interesting to note that this suggests a continuous Ni(0) 

to Ni(II) oxidation and, hence, a growth of the oxide layer into the bulk material. The reductive 

counter-reaction cannot be identified, suggesting an irreversible phase transformation of the 

formed α-Ni(OH)2 to β-Ni(OH)2 at intermediate potentials[29,53,55] or that the counter-reaction is 

covered by background current and the HER onset.[29,58] The studies from Alsabet et al.[53,55] 

and Lyons et al.[29] reported that the potential needs to be reversed <0.7 V vs. RHE to prevent 

the phase transformation of α-Ni(OH)2 to β-Ni(OH)2. Only then the respective reduction peak 

from α-Ni(OH)2 to Ni(0) would be visible. 

 

Figure 5.28. Conditioning CVs (2nd and 46th cycle) of a) Ni70Fe30 and b) Ni99.99. Conditioning was performed between 
–0.35-1.6 V and 0.5-1.6 V at 10 and 100 mV s-1 for 46 cycles. Experiments were performed in 1 M 
KOH at RT. The redox peaks between –0.2-0.5 V could be assigned to Ni(0)/Ni(II) and/or Fe(0) to 
Fe(III) via Fe(I/II) and vice versa. The Ni(II)/Ni(III) redox peaks are visible between 1.2-1.5 V. 

At higher potentials, Figure 5.28 shows a redox feature between 1.2-1.5 V for Ni70Fe30 (a) and 

Ni99.99 (b), irrespective of the conditioning parameters. This redox peak corresponds to the 

Ni(II)/Ni(III) redox couple.[29,53,76] This Ni(II)/Ni(III) redox peak is sensitive to a change in the 

conditioning potential window. Two Ni(II)/Ni(III) reduction peaks are obtained after 46 CV 

cycles when conditioning Ni70Fe30 or Ni99.99 between –0.35-1.6 V and only one when 

conditioning between 0.5-1.6 V. 

To study the Ni(II)/Ni(III) peak behavior more closely, the activity CVs before and after 

conditioning of a) Ni70Fe30 and b) Ni99.99 are compared in Figure 5.29. The activity CVs were 

performed before and after conditioning between 1-1.6 V at 100 mV s-1. 

In Figure 5.29, one can observe that before conditioning (black), only one oxidative and one 

reductive peak can be seen with peak potentials at 1.40-1.44 V (oxidation) and 1.35-1.36 V 

2

 6

 2

 0.35 1.6 V,

100 mV s 1

0.5 1.6 V,

100 mV s 1

        

 2

RHE

 0.35 1.6 V,

10 mV s 1

RHE

0.5 1.6 V,

10 mV s 1

2

 6

 2
 0.35 1.6 V,

100 mV s 1

0.5 1.6 V,

100 mV s 1

       

 2

RHE

 0.35 1.6 V,

10 mV s 1

RHE

0.5 1.6 V,

10 mV s 1



5   Results and Discussion 

 

 

88 

(reduction) for Ni99.99, respectively, and for Ni70Fe30, 1.47-1.48 V (oxidation) and 1.36-1.37 V 

(reduction). The shift of the oxidative peak toward higher potentials in the case of Ni70Fe30 

could be explained by a suppressed Ni oxidation due to the Fe in the electrode, as suggested 

in previous reports.[61,67,69] 

 

Figure 5.29. Activity CVs (1-1.6 V, 100 mV s-1) before and after conditioning a) Ni70Fe30 and b) Ni99.99. Conditioning 
was performed between –0.35-1.6 V and 0.5-1.6 V at 10 and 100 mV s-1 for 46 cycles in 1 M KOH at 

RT.  

By conditioning without the HER regime at 10 and 100 mV s-1(sand and orange), the redox 

peaks for both materials (Figure 5.29a and b) increase in intensity. The increase in intensity 

relates to a larger oxide layer and, thus, surface area.  

When including the HER during conditioning (light and dark blue), the redox peaks increase in 

intensity, and an additional reduction peak appears for both materials. For Ni99.99 (Figure 

5.29b), the reduction peak potentials after conditioning are allocated at 1.29 V and 1.34 V. For 

Ni70Fe30 (Figure 5.29a), these peaks are less clearly resolved and are located around 1.29-

1.34 V and 1.35-1.36 V. The appearance of a second reduction peak for both materials could 

be due to the evolution of a second phase. According to the duplex layer model,[12,27–29] a 

hydrous oxide layer, equivalent to α-Ni(OH)2/γ-NiOOH, forms during CV conditioning. Based 

on this, the formation of the second reduction peak could correspond to the aging of this 

hydrous α-Ni(OH)2/γ-NiOOH into the anhydrous β-Ni(OH)2/NiOOH form. In line with this, Lyons 

et al. suggested the lower reductive peak to indicate the β-NiOOH reduction.[29] Regarding the 

oxidative peak, one oxidative peak with a peak potential at 1.44-1.46 V and a peak current 

density of 4.2-4.8 mA cm-2 is seen for Ni70Fe30 (Figure 5.29a), independent of the scan rate. 

Only when conditioning Ni99.99 (Figure 5.29b) between –0.35-1.6 V at 100 mV s-1, two oxidative 

peaks instead of one can be observed, with their peak potentials at 1.40 V and 1.44 V. Here, 

the peak intensities are low with 2.2 mA cm-2 and 2.9 mA cm-2, respectively, compared to 

16 mA cm-2 at 1.41 V when conditioning with 10 mV s-1. A possible explanation might be that 

these two oxidative peaks are only visible for 100 mV s-1 due to their low peak intensity. When 

the peak intensity increases, both peaks might overlay and cannot be resolved, which is also 

in line with previous reports.[29] Interestingly, it needs to be pointed out that the oxide charge 

capacity of Ni99.99 is significantly enhanced when conditioning between –0.35-1.6 V at  

10 mV s-1 compared to the other conditionings. The difference between the two potential 
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windows suggests that the time spent at the lower potentials (–0.35-0.5 V) might be more 

relevant for the activation of Ni99.99 potentially because the oxide structure is specifically tailored 

within this potential regime. One known Ni oxidation process occurring at these low potentials 

is the Ni(0) to Ni(OH)2 oxidation, suggesting that its kinetic limitation might be the cause of this 

observed different scan rate dependency for the two potential windows. Alternatively, Fe might 

be slowly incorporated and stabilized in the low potential regime, which enhances the Ni 

oxidation. 

For the correlation between the oxide charge capacity of the Ni(II)/Ni(III) redox peak and the 

activation (see Figure 5.20), both reduction peaks and, if applicable, both oxidative peaks were 

considered. This suggests that the phase and, thus, its hydrous character is of secondary 

importance for the activating effect. This is in line with the study from Stevens et al. who stated 

that the Ni(II)/Ni(III) peak behavior, such as a changing Ni-phase, is not reflected in the OER 

performance.[64]  

Further, different peak shifts by conditioning were obtained depending on the electrode 

material and applied potential window. However, it needs to be noted that these are influenced 

by multiple effects such as redox kinetics, uncompensated resistance, capacitance, and 

surface changes. Thus, their interpretation is often difficult and needs to be considered 

carefully. The trends of the activity CVs shown were cross-checked by two repeat experiments, 

and in the following, only the common observed peak shifts are discussed. When conditioning 

without the HER regime (0.5-1.6 V), the oxidative peaks for both materials shift to higher 

potentials, irrespective of the applied scan rate. The shift of the oxidative peak indicates a 

surface change. For Ni99.99, Fe is potentially incorporated and the increased Fe content in the 

electrode suppresses the Ni oxidation.[61,67,69] Since the peak shift is larger at 10 mV s-1 

compared to 100 mV s-1, this surface change might be kinetically limited. That the reductive 

peak remains constant might be due to the compensation of two counteracting effects. On the 

one side, the Ni(II)/Ni(III) redox peak might be shifted to more positive potentials due to a 

surface change. On the other side, the Ru is slightly increased by conditioning (<0.1 Ohm), 

resulting in an increased peak separation, which shifts the oxidation peak to even higher 

potentials and the reduction peak to lower potentials. For Ni70Fe30, a less significant oxidative 

peak shift is observed. Here, the reduction peak is also slightly shifted but to more negative 

potentials. This increased peak separation might result from the increased Ru. For 10 mV s-1, 

the oxidative and reductive peak, however, do not shift symmetrically to more positive or rather 

negative potentials. The surplus shift of the oxidative peak to more positive potentials could 

theoretically also be explained by Fe incorporation. However, it is highly questionable that a 

Ni-Fe electrode with 30 wt% Fe, which is slightly higher than the herein-identified optimum 

Ni:Fe ratio (see Figure S6), would still incorporate Fe from the electrolyte. It is, thus, more likely 

that a different surface change is involved as well, leading to this peak shift. To clarify this, 

further analytical characterization is necessary. When conditioning with the HER regime  

(–0.35-0.5 V), the Ni(II)/Ni(III) redox peak is shifted to lower potentials for Ni70Fe30, indicating 

a surface change such as a Fe dissolution. For Ni99.99, no common peak shift toward lower or 

higher potentials of the reductive or oxidative peak could be identified for the three performed 

repeat experiments. Considering the peak shifts from Ni99.99 and Ni70Fe30 in either potential 

window with respect to their activation, it can be concluded that these peak shifts cannot be 

correlated to the activation. This is in line with the study from Stevens et al., which stated that 

the activation of NiOxHy catalysts is not distinctly correlated with the behavior of the Ni(II)/Ni(III) 

redox peaks.[64] Further, from the conditioning of Ni70Fe30 without HER and Ni99.99 with HER, it 



5   Results and Discussion 

 

 

90 

can be deduced that the peak shifts do not only result from an adjustment of the Ni:Fe ratio in 

the electrode and are highly complex, challenging interpretation. Hence, further investigations 

such as FTacV or spectroscopic analyses are necessary to clarify the occurring surface 

changes. 

To sum up, dcCV indicates that conditioning with the HER regime results in stronger surface 

oxidation and the evolution of a second Ni phase, which might correlate to β-Ni(OH)2. The 

amount of generated hydroxide is primarily important for the activation, and the type of phase 

is suggested to play a secondary role. The formation of a Ni oxide charge depends on the scan 

rate primarily for Ni99.99 when conditioned with the HER, suggesting a kinetic limitation of the 

Ni(0) to Ni(OH)2 oxidation. Alternatively, Fe incorporation and stabilization at low potentials can 

be the kinetically limiting factor, assuming it would enhance the Ni oxidation. The occurring 

peak shifts when conditioning Ni99.99 and Ni70Fe30 are highly complex due to many interacting 

factors and can not be correlated to the activation. 

In order to validate these hypotheses, FTacV, optical microscopy, SEM, EDX, XPS, and FTIR 

measurements were performed before and after conditioning for both discussed potential 

windows (–0.35-1.6 V and 0.5-1.6 V at 10 mV s-1). 

 

FTacV 

Determining the extent and the kinetics of oxide formation by peak analysis of the dcCVs can 

be significantly distorted by capacitive currents, IRu drop, and overlapping of faradaic currents. 

Additionally, processes can be masked. FTacV can be used to deconvolute these different 

processes and differentiate between redox kinetics, capacitive currents, and IRu drop. Thus, 

FTacV was applied before and after conditioning to identify the occurring electrochemical 

processes on Ni-(Fe)-based electrodes and their changes due to electrochemical conditioning. 

The detailed methodology for the FTacV measurements can be found in chapter 4.4.6. The 

entire electrochemical protocol started with FTacV, followed by the standard dc activity 

determination (CV at 10 and 100 mV s-1, CP at 10 and 100 mA cm-2), FTacV before 

conditioning, electrochemical conditioning, FTacV after conditioning, standard dc activity 

determination, and again FTacV at the end of the experiment. In the following, only the results 

from before and after conditioning are discussed as the harmonics from FTacV at the start of 

the experiment and before conditioning as well as after conditioning and at the end of the 

experiment were similar. FTacV was conducted as CV between 1-2 V at 19.073 mV s-1 at 9, 

39, and 89 Hz. The results from 9 and 89 Hz are compared, while the results from 39 Hz are 

not discussed as they do not contain any additional information. Each CV was repeated three 

times, and the data from the 1st CV is displayed. The power spectra, corresponding to the FT 

of the recorded current-time data, are in the appendix (Figure S9 and Figure S11). These 

indicate the quality of the FTacV measurement by showing e.g. the signal-to-noise ratio and 

the influence of the scan rate on the harmonics. Further, the number of resolved harmonics 

can be seen. 

Many variables impact the behavior of the harmonics, which complicates the evaluation of 

FTacV. For example, the peak current of the FTacV-generated harmonics can be influenced 

by the uncompensated resistance, capacitance, charge transfer coefficient, thermodynamic 

and kinetic dispersion, temperature, amplitude, and frequency. Thus, Table 5.1 gives a short 

and simplified overview to guide the qualitative interpretation of the following FTacV results. 
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More details can be read in chapter 4.4.6. An increased uncompensated resistance Ru leads 

to a decrease in the harmonics’ magnitude and a distortion of the peak shape.[105–107,109] A 

higher double layer capacitance Cdl would magnify the influence of the Ru and it would show 

as a baseline shift in the 1st harmonic.[106,109] With increasing harmonic, the sensitivity to Cdl 

decreases. Higher harmonics (>1st) are usually insensitive to Cdl, unless Cdl depends on the 

potential.[111] Regarding the influence of the reaction kinetics on the harmonics, two scenarios 

need to be differentiated. If the reaction rate k is fast (reversible process) in comparison to the 

applied frequency (i.e. low frequency), the sensitivity of the harmonics to changes in k is 

reduced. Instead, the harmonic peak magnitude depends on the number of active sites Nsites. 

If the reaction rate k is slow (quasi-reversible process) in comparison to the applied frequency 

(i.e. high frequency), the harmonics become highly sensitive to changes in k. In contrast to fast 

reaction rates, slow reaction rates will lead in this case to a decreased peak magnitude, 

distortions in peak shape, and a peak shift to higher potentials in the harmonics (see Figure 

4.15, chapter 4.4.6).[107,109,112] 

Table 5.1. Simplified overview to guide the qualitative interpretation of the FTacV results. 

Parameter Change in harmonics 

Ru   Ru → decreased magnitude & shape distortion 

Cdl   Cdl → increased influence of Ru & elevated baseline 

The higher the harmonic, the more insensitive it is to Cdl 

k   k → decreased magnitude, shape distortion, shift to higher 

potentials (at higher frequencies) 

Nsites   Nsites → increased magnitude (at low frequencies)  

Figure 5.30 illustrates the extracted dc and harmonics at a) 9 Hz and b) 89 Hz for Ni70Fe30 

before and after conditioning between 0.5-1.6 V at 10 mV s-1. By conditioning between 0.5-

1.6 V, the Ru stayed constant at 0.64 Ohm. Hence, changes in the peak magnitude or shape 

in the harmonics are probably due to a change in the process’ reaction kinetics. 

In Figure 5.30a (9 Hz, before conditioning, forward scan, light green curve), the fundamental 

(1st) harmonic displays a peak in current density at approx. 1.4 V and an increase and then 

leveling off of the current density for potentials higher than 1.5 V. In the 2nd harmonic, a doublet 

at 1.4 V and a peak at 1.6 V is visible. The 3rd harmonic shows a peak with shoulders, a triplet, 

at 1.4 V and a doublet at 1.6 V. These peaks in the different harmonics indicate that two main 

processes are occurring, which can possibly be assigned to the OER (process I at 1.6 V) and 

the Ni(II)/Ni(III) redox reaction (process II at 1.4 V). These two processes are recognizable in 

the forward and backward sweep at 9 Hz (Figure 5.30a) and 89 Hz (Figure 5.30b) before and 

after conditioning. The comparison between 9 and 89 Hz before conditioning (light green) 

shows that the peak shape and position for both processes remain relatively unchanged for 

the different harmonics. The peak magnitude for process I (OER) also stays approx. constant. 

For process II (Ni(II)/Ni(III)), the peak magnitude increases slightly from 9 Hz to 89 Hz. The 

increase in magnitude with frequency is reported to be an indicator of a reversible process with 

a fast reaction rate if the relation between peak current and frequency is linear.[112] Please note 

that this comparison between the harmonics at 9 Hz (Figure 5.30a) and 89 Hz (Figure 5.30b) 

is also a first indication that the influence of the Ru of 0.64 Ohm on the harmonics does not 
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change when increasing the frequency. When comparing the harmonics before (light green) 

and after (dark blue) conditioning in Figure 5.30a (9 Hz) and b) (89 Hz) for the forward and 

backward scan, peak position, magnitude, and shape do not change significantly. This 

indicates that conditioning between 0.5-1.6 V shows little effect on oxide growth and OER 

kinetics. The 2nd and 3rd harmonics at 9 Hz (Figure 5.30a) and 89 Hz (Figure 5.30b) show a 

deformation of the process II peak in the forward sweep after conditioning (dark blue), which 

recovers during the backward sweep. This deformation is also slightly visible before 

conditioning but is considerably enhanced by conditioning. It could originate from a negative 

interference of the sine-waves from process II and I. Potentially, a third process (process III) is 

also involved, which causes this negative interference. The fundamental (1st) harmonic at 

89 Hz in Figure 5.30b shows high currents between processes I and II and a peak at 1.46 V, 

which supports the hypothesis of a third process. 

 

Figure 5.30. dc, fundamental (1st), 2nd-3rd harmonics from FTacV before and after conditioning Ni70Fe30 between 
0.5-1.6 V at 10 mV s-1. FTacV was performed as CV between 1-2 V at 19.073 mV s-1 at a) 9 and b) 
89 Hz. Experiments were conducted in 1 M KOH at RT. The potentials are not IRu corrected. The Ru 

stayed constant at 0.64 Ohm before and after conditioning.  

Figure 5.31 shows the dc and harmonics at 9 Hz (Figure 5.31a) and 89 Hz (Figure 5.31b) for 

Ni70Fe30 before and after conditioning between –0.35-1.6 V at 10 mV s-1. The measured Ru 

increased slightly from 0.73 to 0.75 Ohm from before to after conditioning. Thus, a slight 

lowering of the peak magnitude and a shape distortion after conditioning due to the Ru cannot 

be excluded. 
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Figure 5.31. dc, fundamental (1st), 2nd-3rd harmonics from FTacV before and after conditioning Ni70Fe30 between  
–0.35-1.6 V at 10 mV s-1. FTacV was performed between 1-2 V at 19.073 mV s-1 at a) 9 and b) 89 Hz. 
Experiments were conducted in 1 M KOH at RT. The potentials are not IRu corrected. The Ru increased 
slightly from 0.73 to 0.75 Ohm from before to after conditioning.  

In Figure 5.31, the 1st-3rd harmonics before conditioning (light green) indicate again the two 

main processes for 9 Hz (a) and 89 Hz (b): process I (OER) at 1.6 V and process II 

(Ni(II)/Ni(III)) at 1.4 V. Also, the comparison of the harmonics between 9 (a) and 89 Hz (b) 

before conditioning (light green) in Figure 5.31 shows the same trends as in Figure 5.30. This 

supports that the influence of the Ru on the harmonics does not change with the applied 

frequency for a Ru between 0.6-0.8 Ohm. Comparing the harmonics from before (light green) 

to after (dark blue) conditioning at 9 Hz (a) and 89 Hz (b), it can be seen that by conditioning 

the peak position, shape, and magnitude change for both processes. Process I (OER) shifts 

to lower potentials at 9 Hz (Figure 5.31a) in the 2nd and 3rd harmonics, but shape and 

magnitude remain unchanged upon conditioning. At 89 Hz (Figure 5.31b) in the 2nd and 3rd 

harmonics, the peak position of process I (OER) stays constant from before to after 

conditioning while the magnitude decreases and peak distortion occurs. Due to the different 

behavior at 9 and 89 Hz, it is proposed that the decrease in magnitude and shape distortion at 

89 Hz does not result from the Ru but from a change in the kinetics of process I (OER). This 

decreased peak magnitude and distortion suggest that the apparent reaction rate is now slow 

compared to the frequency (i.e. quasi-reversible process with a small k/f ratio). It indicates that 

the induced surface changes from conditioning slow down the apparent OER reaction rate on 

the Ni70Fe30 electrode. None of these effects are observed at 9 Hz, proposing that the 

harmonics are influenced differently at 9 Hz. This could be since at 9 Hz the k/f ratio is larger 

and, thus, the harmonics are more sensitive to the number of active sites. By conditioning, the 

number of active sites is suggested to increase. Hence, the different peak behavior in the 2nd 
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and 3rd harmonics after conditioning at 9 Hz could be explained by the increased number of 

active sites compensating for the decreased apparent reaction rate. The decreased reaction 

rate is in line with a study from Son et al., which showed an increase in the Tafel slope due to 

the conditioning of Ni.[63] However, others demonstrated an invariant Tafel slope from before 

to after conditioning of Ni[29] or even a decreasing Tafel slope at low potentials when 

conditioning Fe.[77] 

For process II (Ni(II)/Ni(III)) at 9 Hz (Figure 5.31a) and 89 Hz (Figure 5.31b), the peak position 

stays constant, and the peak current increases in the 1st and decreases in the 2nd and 3rd 

harmonics by conditioning (comparison light green vs. dark blue). This decreased magnitude 

in the 2nd and 3rd harmonics suggests a decreased apparent reaction rate of the Ni(II)/Ni(III) 

redox reaction. Furthermore, a shape deformation in the 2nd and 3rd harmonics is visible after 

conditioning (dark blue) in the forward sweep at 9 Hz (a) and 89 Hz (b), which is partly 

recovered in the backward sweep. This deformation is similar to the behavior when 

conditioning with 0.5-1.6 V (compare with Figure 5.30). Similar to Figure 5.30, the current 

between process I and II in the fundamental (1st) harmonic is increased and broadens the 

feature of process II, indicating a potential process III. In Figure 5.31, the fundamental (1st) 

harmonic could also suggest a potential-dependent Cdl, which would show as a sloped or rather 

uneven baseline. Combined with Figure 5.30, a process III between processes I and II is, 

however, more likely. Summing up, Figure 5.31 indicates that by conditioning between –0.35-

1.6 V, the oxide growth and OER reaction are slowed down and that the overall increased OER 

activity gain results from an increased number of active sites. 

For Ni99.99, similar trends were observed, and the graphs can be found in Figure S9 - Figure 

S12. One significant difference needs to be noted: By conditioning between 0.5-1.6 V, process 

I (OER) and process II (Ni(II)/Ni(III)) are shifted to higher potentials. As was shown by Bonke 

et al.[128], such a shift suggests a worsening of the OER activity. 

Indeed, it is essential to note that the dc components in Figure 5.30 and Figure 5.31 do not 

show the expected Ni(II)/Ni(III) redox peaks or activation. Further, large offsets from 0 are 

visible, indicated by a shifted baseline. This could be associated with capacitive currents.  

To investigate this, the dc activity CVs (1-1.6 V at 10 mV s-1) and CPs at 10 mA cm-2 were 

evaluated, which were performed before and after conditioning in addition to the FTacV (see 

Figure 4.17 in chapter 4.4.6). In Figure 5.32, the dcCVs for Ni70Fe30 before and after 

conditioning between –0.35-1.6 V are shown in a). Figure 5.32b demonstrates the activation  

–E10 of Ni70Fe30 and Ni99.99 when conditioning with and without HER regime. 

In Figure 5.32a, the dcCVs for Ni70Fe30 before and after conditioning between –0.35-1.6 V 

clearly show Ni(II)/Ni(III) redox peaks, which are enlarged by conditioning. Also, activation by 

conditioning is visible by the shift of the OER to lower potentials and an increase of the 

maximum current. Similarly, this was also observed for the conditioning of Ni70Fe30 between 

0.5-1.6 V, as shown in Figure S13 in the appendix. This suggests that the dc component, seen 

in Figure 5.30 and Figure 5.31, is altered by the applied ac, which accentuates the non-linear 

processes.[105] 
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Figure 5.32. a) dcCV (1-1.6 V, 10 mV s-1) during the FTacV experiment before and after conditioning of Ni70Fe30 
between –0.35-1.6 V at 10 mV s-1 for 46 cycles. b) Effect of including FTacV into the electrochemical 
measurement procedure on the activation of Ni99.99 and Ni70Fe30 when conditioning between –0.35-
1.6 V and 0.5-1.6 V at 10 mV s-1 for 46 cycles. Experiments were conducted in 1 M KOH at RT.  

In Figure 5.32b, the activation during the FTacV experiments was compared to the activation 

obtained when performing the experiment without FTacV with 1 cm2 electrodes according to 

the standard procedure (see chapter 4.3.2 Investigation of Electrochemical Conditioning). For 

Ni70Fe30, Figure 5.32b shows that the activation is not significantly influenced by the inclusion 

of FTacV into the electrochemical protocol when conditioning between –0.35-1.6 V, with an 

activation of 56 mV (FTacV) compared to 58±8 mV (dc). During conditioning between 0.5-

1.6 V, the activation in FTacV experiments is 9 mV lower than the 22±2 mV observed without 

FTacV. For Ni99.99, the activation is significantly decreased by FTacV when conditioning 

between –0.35-1.6 V. An activation of 8 mV (FTacV) compared to 58±10 mV (dc) can be seen. 

When conditioning between 0.5-1.6 V, even a deactivation of –33 mV is visible, while without 

FTacV an activation of 40±9 mV is observed. This deactivation is in line with the observed shift 

of the Ni(II)/Ni(III) redox and the OER peaks to higher potentials in the harmonics in Figure 

S10. This different behavior from Ni99.99 and Ni70Fe30 could be because the formation of mixed 

Ni-Fe oxides is responsible for the electrode activation. While these mixed Ni-Fe oxides might 

be stable under FTacV for the Ni-Fe alloy, the Fe incorporated from the electrolyte in the Ni-

oxide structure might be destabilized by FTacV. Further investigations are required to validate 

this, such as performing the electrochemical sequence with FTacV replaced with the 

respective dc equivalent and performing FTacV only after conditioning.  

In summary, the performed FTacV suggests that conditioning of Ni70Fe30 and Ni99.99 between 

0.5-1.6 V for 46 cycles does not significantly alter the kinetics of the OER and the Ni(II)/Ni(III) 

redox process. Conditioning between –0.35-1.6 V for 46 cycles seems to decrease the 

Ni(II)/Ni(III) redox reaction rate and the OER reaction rate, probably due to the higher degree 

of surface oxidation. This decreased Ni(II)/Ni(III) and OER kinetics correlates with the 

activation only for Ni70Fe30. This might be because mixed Ni-Fe oxides are responsible for the 

activation, which are stable under FTacV conditions for the Ni-Fe alloy but not for Ni with Fe 

incorporated from the electrolyte. For Ni70Fe30, the overall observed activation is suggested to 

result from the high number of generated active sites. Furthermore, a third process, which 
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occurs at potentials between the OER and Ni(II)/Ni(III) redox reaction, could be deconvoluted. 

It is enhanced during conditioning with either sequence. However, since this third process 

behaves similarly when conditioning with and without the HER and, thus, does not correlate 

with an increased activation, it seems to be not significantly relevant for the activating effect. 

 

FTIR spectroscopy 

To study the evolution of the Ni (hydr)oxide phase owing to conditioning with and without the 

HER regime, Ni99.99 and Ni70Fe30 were analyzed by FTIR after conditioning between 0.5-1.6 V 

and –0.35-1.6 V at 10 mV s-1. This was done in collaboration with Julia Gallenberger (AG 

Hofmann) from TU Darmstadt. The respective spectra are displayed in Figure 5.33.  

In Figure 5.33, the peaks at 850, 1550, 1610-1620, and 3400 cm-1 can be correlated to the 

existence of α-Ni(OH)2. More specifically, these wavenumbers correspond to α-Ni(OH)2, lattice 

O-H in α-Ni(OH)2, and water and OH- intercalated in amorphous α-Ni(OH)2, respectively. The 

peaks at 3400 cm-1 (OH- intercalated in α-Ni(OH)2) and 1610-1620 cm-1 (water intercalated in 

α-Ni(OH)2) in Figure 5.33 show clearly that α-Ni(OH)2 is present for both materials independent 

from the potential window used during conditioning. The Ni(II)/Ni(III) redox peak behavior 

analyzed by the activity dcCVs in Figure 5.29 shows that the reduction peak at 1.34 V (Ni99.99) 

and 1.35-1.36 V (Ni70Fe30) is also present independent from the potential window used during 

conditioning. Hence, this reduction peak could correspond to the α-Ni(OH)2 formation. This 

supports the hypothesis that a hydrous oxide layer forms during conditioning, which might be 

responsible for the activation. β-Ni(OH)2 can be identified in the FTIR spectrum by a sharp 

peak at 3644 cm-1, as seen when conditioning Ni99.99 and Ni70Fe30 including the HER regime  

(–0.35-1.6 V). When conditioning without the HER regime (0.5-1.6 V), no significant amount of 

β-Ni(OH)2 was detected for Ni99.99. For Ni70Fe30, a peak at 3644 cm-1 with little intensity 

compared to the conditioning between –0.35-1.6 V was obtained. When relating the detection 

of β-Ni(OH)2 to the dc Ni(II)/Ni(III) peak behavior, it needs to be noted that the dcCVs of the 

FTIR samples differed slightly from the earlier presented CVs. The dcCVs of the FTIR samples, 

shown in Figure S14, indicate a second reduction peak at 1.29-1.34 V with little intensity also 

for the conditioning between 0.5-1.6 V. The reason behind this deviation is not fully understood 

yet. The differences in the CVs might be due to the slightly different measurement conditions, 

poorer polishing, and thus, starting potentially already with β-Ni(OH)2 present, or due to 

influences of the Ag-containing conducting glue in the case of the FTIR measurements. 

Correlating the dcCVs of the FTIR samples and the FTIR results, the existence of β-Ni(OH)2 

could correspond to the second reduction peak at 1.29 V (Ni99.99) and 1.29-1.34 V (Ni70Fe30). It 

is hypothesized that α-Ni(OH)2, formed during conditioning, ages to β-Ni(OH)2, which aligns 

with the Bode scheme.[54,65] This aging seems to primarily occur when including the HER 

regime during conditioning. 

Concluding, FTIR validated that a hydrous oxide layer (α-Ni(OH)2) is formed during 

conditioning independent of the applied potential window. Little β-Ni(OH)2 is formed, potentially 

due to the aging of α-Ni(OH)2. According to the dcCV peak analysis, conditioning including the 

HER generates a significantly higher β/α-Ni(OH)2 ratio than without the HER. 
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Figure 5.33. FTIR spectra for Ni99.99 and Ni70Fe30 measured ex-situ after conditioning. Conditioning was conducted 
between –0.35-1.6 V and 0.5-1.6 V at 10 mV s-1 for 46 cycles. Experiments were performed in 1 M 
KOH at RT. 

 

Optical microscopy, SEM, and EDX 

To investigate the visual and compositional change of the electrodes, optical microscopy, 

SEM, and EDX were employed for Ni99.99 and Ni70Fe30 before and after conditioning between 

–0.35-1.6 V and 0.5-1.6 V at 10 mV s-1. The optical microscopy and SEM images reveal similar 

changes in the electrode surface for Ni99.99 and Ni70Fe30. Hence, these will be jointly and 

exemplary discussed for Ni99.99. The optical microscopy and SEM images for Ni70Fe30 can be 

found in Figure S15.  

The SEM images (g-i) in Figure 5.34 reveal that by conditioning with either potential window, 

no structures grew microscopically (3,000x magnification). Visual optical microscopy (Figure 

5.34a-c) shows that macroscopically, the color of the electrode changed when conditioning 

between –0.35-1.6 V but did not for 0.5-1.6 V. Ni99.99 and Ni70Fe30 were colored golden-brown 

after conditioning. For Ni70Fe30, this coloration was persistent for multiple days. For Ni99.99, a 

few additional dark grey marks could be observed. The coloration of Ni99.99 disappeared more 

quickly than for Ni70Fe30, especially the dark grey marks. The origin of the golden-brown 

coloration is not fully clear, but it probably results from mixed Ni-Fe-oxides. Based on previous 

reports, the dark grey color from Ni99.99 after conditioning could be assigned to NiOOH, which 
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decomposes quickly in air without polarization.[126,129] Figure 5.34 shows in d)-f) that a 

macroscopic structure change occurred when conditioning between –0.35-1.6 V but did not for 

0.5-1.6 V. This structural change could possibly be due to intercalated electrolyte and 

introduced grain boundaries of different facets. A similar structure and color change was 

reported when conditioning Ni99.99 and Ni70Fe30 between –0.35-1.6 V at 100 mV s-1 for 46 cycles 

in 1 M KOH at RT.[126] 

 

Figure 5.34. Optical microscopy images (a-f) at 20x magnification and SEM images (g-i) at 3,000x magnification 
showing the surface structure of Ni99.99 as blank (a, d, g), after conditioning between 0.5-1.6 V at 
10 mV s-1 for 46 cycles (b, e, h), and after conditioning between –0.35-1.6 V at 10 mV s-1 for 46 cycles 
(c, f, i). For the optical microscope images, two modes were used: full-ring illumination measured at an 
angle of 12° (mode 1: a-c) and coaxial illumination measured at a 0° angle (mode 2: d-f). Mode 1 
shows the color of the electrode on the left side of the image. This color is only visible due to the light 
reflection caused by tilting the microscope. Illumination from the top only shows a black color, as seen 
for the rest of the electrode. Mode 2 indicates the structural change. The color change can, here, not 
be seen as clearly. 

The Ni, Fe, and O contents of the electrodes before and after conditioning were determined by 

EDX and are illustrated in Figure 5.35. Detected C was not considered as it was likely caused 

by atmospheric contamination. The respective EDX spectra are shown in Figure S16 in the 

appendix.  
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Figure 5.35. Average norm. at% of Ni, Fe, O detected by EDX for Ni99.99 and Ni70Fe30 before (blank) and after 
conditioning. Conditioning was performed between 0.5-1.6 V and –0.35-1.6 V at 10 mV s-1 for 46 
cycles in 1 M KOH at RT. The error bars represent the standard deviation from three measurements 
for one electrode. The corresponding EDX spectra can be seen in Figure S16. 

Figure 5.35 shows that before conditioning, 0.3±0.2 norm. at% and 0.7±0.3 norm. at% O were 

detected for Ni99.99 and Ni70Fe30, respectively. These small amounts of O could be surface 

oxidation due to exposure to air. The atomic Ni:Fe ratio for Ni70Fe30 was 2.1±0.1, which 

corresponds to the calculated Ni:Fe ratio of 2.2 from stoichiometry. After conditioning, the O-

content increased for Ni99.99 and Ni70Fe30 irrespective of the applied conditioning window, as 

seen in Figure 5.35. When conditioning between 0.5-1.6 V, the resulting O contents were much 

smaller (Ni99.99: 2.5±0.1 norm. at%, Ni70Fe30: 2.1±0.3 norm. at%) compared to when including 

the HER regime in the conditioning (Ni99.99: 10.9±0.2 norm. at%, Ni70Fe30: 8.6±0.8 norm. at%). 

Irrespective of the applied conditioning potential window, the Ni:Fe ratio remained stable for 

Ni70Fe30, and no Fe was incorporated for Ni99.99. The increase in O content and the stable Ni:Fe 

ratio align with the composition changes observed by EDX when conditioning between –0.35-

1.6 V at 100 mV s-1.[126] It suggests that conditioning leads to the oxidation of both Ni99.99 and 

Ni70Fe30 without significantly altering the Ni:Fe ratio. However, it is essential to note that EDX 

is primarily sensitive to the bulk composition, meaning that slight metal dissolution or Fe 

deposition on the surface might not be detected. 

In conclusion, optical microscopy, SEM, and EDX showed that when conditioning with the 

HER, the structure and color of Ni99.99 and Ni70Fe30 change macroscopically, and a more 

substantial surface oxidation occurs. 

 

XPS 

To investigate the effect of the lower potential regime during conditioning on the surface 

composition, XPS of Ni99.99 and Ni70Fe30 after conditioning between 0.5-1.6 V and –0.35-1.6 V 

at 10 mV s-1 for 46 cycles was performed in collaboration with Julia Gallenberger (AG 

Hofmann) at TU Darmstadt. Figure 5.36 and Figure 5.37 present the Ni 2p, Ni 3p, Fe 3p, and 

O 1s spectra. The Fe 2p core level peak analysis was excluded due to interference with the 

dominant L3M23M45 Auger line of Ni when using Al Kα X-ray radiation. The survey XPS spectra, 

O

Fe

Ni
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C 1s XPS spectra, and the activity dcCVs (1-1.6 V, 100 mV s-1, before and after conditioning) 

of the electrodes can be seen in Figure S17 and Figure S18. 

The Ni 2p spectra of Ni99.99 and Ni70Fe30 in Figure 5.36a show signals from the Ni 2p1/2 above 

870 eV and the Ni 2p3/2 below 870 eV. Both show the same trends, although the Ni 2p3/2 is 

more clearly resolved.[130] Thus, only the Ni 2p3/2 will be discussed in the following.  

 

Figure 5.36. a) Ni 2p and b) Ni 3p, Fe 3p spectra for Ni99.99 and Ni70Fe30, measured ex-situ before (blank) and after 
conditioning. Conditioning was performed between 0.5-1.6 V and –0.35-1.6 V at 10 mV s-1 for 46 
cycles. Experiments were performed in 1 M KOH at RT. 

In Figure 5.36a, the strong signal at a binding energy (BE) of 852.7 eV[130] corresponds to Ni0 

and proves the predominant metallic character of Ni99.99 and Ni70Fe30 after polishing and before 

conditioning. The peaks at 856.3 eV[130] and 854.7 eV[130] indicate the presence of small 

amounts of Ni(OH)2 and NiO, probably formed by exposure to air. When Fe acts as a ligand in 

NiO, the main Ni(Fe)O peak appears 1.6 eV above the pure NiO main peak.[131,132] Such a peak 

cannot be resolved in the present spectra as the peak is expected to be small and overlaying 

with the Ni(OH)2 peak. It needs to be further noted that the Ni(OH)2 signal is shifted to higher 

binding energies by 0.9 eV compared to reported values in the literature. The corresponding 

peaks in the C 1s and O 1s spectra (see Figure S17) are similarly shifted. Thus, this shift might 

correspond to the charging of the layers above the uncharged and unconverted Ni metal. After 

conditioning, Figure 5.36 shows a signal from metallic Ni0 as a peak shoulder at 852.7 eV only 

when conditioning Ni99.99 and Ni70Fe30 between 0.5-1.6 V.[130] For the conditioning with the HER 

regime, the metal surface is completely oxidized within the measurement depth of the XPS 

(~10 nm).[94] The stronger signal at a BE of 856.3 eV[130], indicating Ni(OH)2, is visible 

irrespective of the applied conditioning. A contribution from NiO cannot be excluded, which 

would show a peak at 854.7 eV.[130] These Ni 2p3/2 spectra indicate that Ni is oxidized to Ni(OH)2 

for both electrode materials during conditioning, with stronger oxidation occurring when the 

HER regime is included. These results align with the above presented dcCV, FTacV, and EDX 

analyses.  

Figure 5.36b depicts the Ni 3p and Fe 3p spectra of Ni99.99 and Ni70Fe30 before and after 

conditioning with the two different potential windows. The Ni 3p spectra reflect the same 
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observations as the Ni 2p spectra. Before conditioning, a strong signal at a BE of 66.2 eV with 

a shoulder at 67.5-68.4 eV was detected for both electrodes. The peak at lower BEs is linked 

to Ni0 and the peak at higher BEs to both its satellite peak and NiO/Ni(OH)2.[130] After 

conditioning with either sequence, a strong and broad signal from NiO/Ni(OH)2 can be seen for 

both materials. When conditioning between 0.5-1.6 V, both materials show a shoulder at 

66.2 eV, which indicates the presence of metallic Ni0, whose intensity is remarkably lower 

when conditioning between –0.35-1.6 V.[130] In the Fe 3p spectra, metallic Fe and a mixture of 

various Fe o ides, potentially α-Fe2O3, at a BE of 52.7 eV and 55.6 eV for Ni70Fe30 can be 

identified before conditioning.[130] For Ni99.99, no Fe species were detected in the unconditioned 

state. After conditioning, metallic Fe0 could no longer be detected for Ni70Fe30, and only a broad 

peak between 56.5-58 eV can be seen when conditioning Ni70Fe30 with either potential window. 

This broad peak corresponds to a mixture of various Fe-oxides, such as Fe3O4 (56.7 eV), α-

FeOOH (57.0 eV), or γ-Fe2O3 (57.8 eV).[130] Conditioned Ni99.99 shows the same broad peak at 

56.7 eV with little intensity, verifying Fe incorporation from the electrolyte by conditioning. To 

quantify the Ni and Fe content, the areas of the Ni 3p and Fe 3p spectra were integrated. When 

conditioning with the HER regime, a more substantial Fe dissolution from the Ni-Fe electrode 

or rather incorporation from the electrolyte was detected, with Ni:Fe ratios of 7.3 for Ni99.99 and 

4 for Ni70Fe30 (–0.35-1.6 V) compared to 11.5 for Ni99.99 and 3.3 for Ni70Fe30 (0.5-1.6 V). 

The O 1s spectra, shown in Figure 5.37, allow the quantification of the oxide formation during 

conditioning. The present metal hydroxide (M-OH) and metal oxide (M-O) can be identified by 

the peaks at 531.9 eV (Ni(OH)2) and 529.8 eV (NiO, FeO), respectively.[130] 

 

Figure 5.37. O 1s XPS spectra for Ni99.99 and Ni70Fe30, measured ex-situ before (blank) and after conditioning. 
Conditioning was performed between 0.5-1.6 V and –0.35-1.6 V at 10 mV s-1 for 46 cycles in 1 M KOH 
at RT. 

Conditioning with the HER regime resulted in a larger M-OH:M-O ratio of 13.5 (Ni99.99) and 11.0 

(Ni70Fe30) compared to 5.7 (Ni99.99) and 6.1 (Ni70Fe30) for conditioning between 0.5-1.6 V. This 

supports the hypothesis that activation is driven by the formation of a hydroxide layer by 

simultaneously minimizing the oxide layer. 
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Summing up, XPS demonstrated that conditioning including the HER regime results in a higher 

degree of surface oxidation, a higher M-OH:M-O ratio, and a stronger Fe dissolution for 

Ni70Fe30 or incorporation for Ni99.99.  

 

ICP-OES  

To study the Ni and Fe dissolution and incorporation behavior of Ni70Fe30 and Ni99.99 during 

conditioning with and without HER, online ICP-OES of the electrolyte was performed. 

Additionally, K was measured as an internal standard. The K spectra were always constant if 

not stated otherwise. Sharp signal drops were observed and associated with gas evolution. 

The Ni spectra showed no dependency on the applied protocols, independent of the utilized 

electrode. The Ni concentration stayed mainly constant. The respective spectra for K and Ni 

are shown in Figure S19 and Figure S20 in the appendix. 

First, the Fe concentration of the electrolyte was studied while performing CP at 10 mA cm-2 

with Ni70Fe30 and Ni99.99 anodes, which can be seen in Figure 5.38a. For Ni70Fe30, the effect of 

conditioning before the CP was additionally investigated and is shown in Figure 5.38b. Here, 

conditioning was performed between –0.35-1.6 V at 10 and 100 mV s-1 and between 0.5-1.6 V 

at 10 mV s-1.  

 

Figure 5.38. a) Fe concentration, measured by ICP-OES, during a 30 min CP at 10 mA cm-2, followed by a 30 min 

OCP, on Ni70Fe30 and Ni99.99. b) Fe concentration, measured by ICP-OES, during conditioning of 

Ni70Fe30 between –0.35-1.6 V at 10 and 100 mV s-1 and 0.5-1.6 V at 10 mV s-1, followed by a CP at 
10 mA cm-2 for 30 min. The asterisk (*) indicates that the starting concentrations were manually 
adjusted to be the same. Ni70Fe30 in a) is also displayed in Figure 5.15. 

In Figure 5.38a, the Fe concentration during CP at 10 mA cm-2 followed by an OCP for Ni70Fe30 

and Ni99.99 is shown. For both anodes, the Fe concentration drops during the CP by approx. 

5 ppb and peaks afterward when changing to OCP. In the case of Ni99.99, this decreased Fe 

concentration could be due to an increased Fe uptake from the anode and/or cathode. For 

Ni70Fe30, the decreased Fe concentration could result from a lower Fe dissolution from the 

anode and an Fe uptake at the anode and/or cathode. Since the dissolution behavior during 

the CP is independent of the anode potential, it is likely due to the Fe uptake at the cathode, 

which is released when stopping the electrolysis. This aligns with previous studies, which 

 0.35 1.6 V, 100 mV s 1 

 0.35 1.6 V, 10 mV s 1 

0.5 1.6 V, 10 mV s 1
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reported the Fe uptake at the cathode during constant current operation.[133,134] At OCP and 

after the Fe release, the Fe concentration remains constant. The slightly higher Fe 

concentration by 2-4 ppb during OCP compared to the baseline is within the range of 

measurement error and, thus, difficult to interpret. It could be that the remaining concentration 

drop to the baseline is a slow process, and 30 min at OCP is too short to observe it. When 

using Ni70Fe30 as the anode (dark blue), the Fe concentration additionally peaks when the 

current is applied initially. Since this is not visible for the Ni99.99 electrode, this rise in Fe 

concentration is associated with Fe dissolution from the anode.  

Figure 5.38b shows the Fe concentration during conditioning of Ni70Fe30 with different 

sequences (–0.35-1.6 V at 10 and 100 mV s-1; 0.5-1.6 V at 10 mV s-1) for t < 0 min followed by 

a CP at 10 mA cm-2 for 30 min. In Figure 5.38b, the drop in Fe concentration during the CP 

remains unchanged independent of the prior applied conditioning. This supports the 

hypothesis that this concentration drop originates from the Fe uptake at the cathode. It further 

indicates that changes in the Fe dissolution/incorporation behavior at the anode during CP 

cannot be resolved with an undivided EFC. Figure 5.38b also suggests an increased Fe 

dissolution from the anode when conditioning with the HER regime (blue and green) at a high 

scan rate (green). This different Fe dissolution behavior during CV cycling proposes that the 

Fe uptake at the cathode is not as pronounced during CV and changes in the Fe concentration 

are rather due to electrode processes at the anode than the cathode. 

In order to investigate this further, the Fe concentration of the electrolyte was determined ex-

situ by ICP-OES before and after the electrochemical conditioning of Ni70Fe30 and Ni99.99 

between –0.35-1.6 V at 100 mV s-1. The electrolyte was circulated from a 150 mL reservoir 

with 3 mL min-1. No change in Fe concentration could be detected with 118 ppb before and 

117 ppb after conditioning. Thus, the Fe dissolution and incorporation during conditioning, 

discussed in Figure 5.38 and Figure 5.39 seems to be only visible during online investigation 

when the concentration changes are not diluted in the bulk reservoir. The concentration 

change in the entire reservoir is too small to be detected at these conditioning parameters. 

For a more detailed comparison of the conditioning with and without the HER regime, three 

analysis CVs at 2 mV s-1 were performed with the respective potential window. At such a low 

scan rate, the Fe concentration can be correlated to the applied potentials. Subsequently, the 

scan rate was increased to 100 mV s⁻¹ for 30 min to induce significant surface changes. After 

this period, another analysis CV was carried out at the initial rate of 2 mV s-¹ to see whether 

these surface changes altered the Fe concentration behavior. Figure 5.39 shows the entire 

sequences for cycling Ni99.99 and Ni70Fe30 between a) 0.5-1.6 V and b) –0.35-1.6 V. In all 

spectra, sharp concentration drops or increases can be seen, which are associated with gas 

evolution during the HER and OER. It is important to note that these spikes serve as a reliable 

marker of the current position within the CV. 
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Figure 5.39. Fe concentration, analyzed by ICP-OES, while conditioning Ni70Fe30 and Ni99.99 by first three analysis 
CVs at 2 mV s-1, a 30 min conditioning at 100 mV s-1, and again an analysis CV at 2 mV s-1. CV was 
performed between –0.35-1.6 V and 0.5-1.6 V. All experiments were performed in 1 M KOH at RT. 

The plots for the Ni70Fe30 anode are also displayed in Figure S7. 

For Ni99.99, Figure 5.39 indicates that the course of Fe concentration differs depending on which 

potential window is applied during conditioning. For the conditioning between 0.5-1.6 V (Figure 

5.39a), the Fe concentration stays constant on the oxidative sweep of the first analysis CV 

(CV1). In the middle of the CV in the OER region, the Fe concentration shows a sharp increase 

due to gas evolution. On the reductive sweep, the Fe concentration increases, peaks, and 

decreases afterward. All of the first three analysis CVs show a similar behavior of the Fe 

concentration. The Fe dissolution peak on the reductive sweep decreases with each cycle. 

During the conditioning at 100 mV s-1, Fe is initially dissolved. The dissolution rate, however, 
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decreases and, after approx. 15 min, reverses so as to Fe is taken up. After conditioning, the 

Fe dissolution on the reductive sweep can no longer be observed in the analysis CV at  

2 mV s-1 (CV4, Figure 5.39a). The reason for this behavior of the Fe concentration is not yet 

fully understood. This Fe dissolution behavior could theoretically originate from the anode or 

the cathode. Glassy carbon was used as a cathode and is assumed to not change its surface 

chemistry significantly due to electrochemical conditioning. Hence, since the Fe dissolution 

behavior differs from before to after conditioning, this change is suggested to be due to a 

modified anode surface. This further supports that the observed behavior of the Fe 

concentration during CV is primarily due to the interaction of the Fe in the electrolyte with the 

anode. This proposes that the metal deposition at the cathode is too slow for the timescale of 

the CV. Based on this, one possible explanation is that Fe is incorporated at the Ni99.99 anode 

from the electrolyte during the OER while only stable in a particular surface environment. When 

NiOOH is reduced on the reductive sweep during CV between 0.5-1.6 V, Fe seems to be 

destabilized on the surface. This aligns with previous reports, which state that Ni(OH)2/NiOOH 

acts as a host for Fe incorporation[10,135] and that Fe incorporation is superior at OER potential 

compared to lower potentials.[62] Further, Mattinen et al. stated that more Fe is incorporated for 

larger Ni(OH)2 layers, which similarly suggests that the amount of present Ni(OH)2 defines how 

much Fe is incorporated. However, it should be noted that integration of the analysis CVs to 

the baseline indicates purely Fe dissolution from the electrodes, which decreases with the 

number of performed CVs. Thus, the proposed Fe uptake during the OER does not match the 

quantity of recorded Fe dissolution on the reductive sweep after the OER. This could result 

from the Fe incorporation being too slow to affect the bulk Fe concentration, whereas Fe 

dissolution is comparable fast. An alternative explanation could be that small amounts of 

NiOxHy are formed by exposing the Ni electrode to air and the alkaline electrolyte, and Fe is 

directly incorporated into these structures before the online ICP-OES measurement is started. 

The observed Fe dissolution during the reductive sweep after the OER might occur since the 

OER introduces stress and movement in the oxide layer for rearrangement. This would, 

however, contradict the previous reports, which stated that Fe incorporation is significantly 

enhanced during electrochemical operation and even more so by CV.[19,61,63] Considering this 

context, it appears doubtful that a significant amount of Fe would be incorporated in a short 

period (<30 min) without applied potential but would then dissolve rather than be incorporated 

during the electrochemical CV conditioning process. Another possible explanation for the 

mismatch between Fe incorporation and dissolution during the activity CV could be an artifact 

from the online ICP-OES measurement methodology. For example, peak smearing and 

falsified signal enhancement or reduction might result from the gas evolution during the OER 

and the associated turbulent flow in this potential regime. Further, the switching between air 

and electrolyte could influence the plasma properties, affecting the sample excitation. 

When cycling between –0.35-1.6 V (Figure 5.39b), the initial Fe concentration decreases 

constantly throughout the entire sequence. Since a similar trend is observed for the Ni 

concentration (see Figure S19), a baseline shift, probably due to a decreased plasma 

temperature, is suggested to be the cause for this concentration decrease. Hence, comparing 

the four different analysis CVs in Figure 5.39a, no significant Fe dissolution or incorporation 

depending on the applied potential is visible before, during, or after the cycling at 100 mV s-1. 

This might be because a) no Fe is incorporated or dissolved or b) Fe incorporation is a very 

slow process, which is difficult to detect by ICP-OES. Under the assumption that Fe is 

incorporated into the Ni99.99 anode during the oxidative sweep when conditioning between 0.5-
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1.6 V, which is then released on the reductive sweep, it seems unlikely that when enlarging 

the potential, no Fe would be incorporated anymore. Thus, it is rather suggested that Fe 

incorporation is a slow process, which cannot be properly detected by ICP-OES under these 

conditions. As no Fe dissolution is observed on the reductive sweep, the lower potentials 

during conditioning might stabilize the Fe incorporation. To conclude, with increasing 

conditioning time, independent of the potential window, a distinct phase seems to be formed, 

stabilizing the Fe incorporation. According to the conducted XPS and FTIR analyses, this 

phase could be α-Ni(OH)2. 

For Ni70Fe30, a deviation from the baseline toward higher Fe concentrations can be seen for 

both conditioning sequences, indicating Fe dissolution from the electrode. Please note that the 

difference between baseline and the overall Fe concentration level during CV cycling between 

0.5-1.6 V (Figure 5.39a) is suggested to be artificial as indicated by the comparison of the OCP 

before and after the electrochemical procedure (also compare Figure 5.39a with Figure S21). 

Based on this, the ICP-OES spectra of Fe show a significant Fe dissolution for the first analysis 

CV (CV1) for both conditioning sequences (Figure 5.39a, b). When conditioning between  

–0.35-1.6 V, Fe dissolution can also be observed when cycling at 100 mV s-1, suggesting a 

dependency of the Fe dissolution on the scan rate when including the HER regime in the 

conditioning. The Fe dissolution behavior when conditioning Ni70Fe30 with or without the HER 

regime was already discussed in chapter 5.2.2 (subchapter: Variation of Fe Content in the 

Electrode). There, in Figure 5.25, the first analysis CV can be seen in more detail. Figure 5.25 

shows that Fe dissolution occurs during the oxidative potential sweep between 0.3-1.2 V. As 

the conditioning between 0.5-1.6 V covers only a part of this potential window, the Fe 

dissolution appears to be smaller here compared to the conditioning between –0.35-1.6 V. This 

increased Fe dissolution for the conditioning between –0.35-1.6 V becomes more evident 

when comparing the course of the Fe concentration during the CV conditioning at 100 mV s-1 

for 30 min between the 63th to 93th minute in Figure 5.39. While the Fe concentration stays 

constant at 116 ppb when conditioning between 0.5-1.6 V, the Fe concentration increases to 

approx. 121 ppb when cycling between –0.35-1.6 V. This supports the hypothesis that 

conditioning with the HER regime enhances Fe dissolution for Ni-Fe electrodes, as was also 

observable in the XPS analysis. The increased Fe dissolution might result in a larger surface 

area and a subtle Ni:Fe ratio improvement. The different behavior of the Fe concentration when 

conditioning Ni99.99 or Ni70Fe30 supports the hypothesis that the course of Fe concentration 

during CV reflects the interaction of the Fe in the electrolyte with the anode rather than the 

cathode. 

Summarizing, Ni70Fe30 seems to leach more Fe if conditioned between –0.35-1.6 V at 

intermediate scan rates of 100 mV s-1 compared to conditioning between 0.5-1.6 V at any scan 

rate. However, the observed scan rate dependency was minor and needs to be considered 

carefully. Ex-situ ICP-OES before and after the conditioning suggested that the Fe dissolution 

at the electrodes is only observable by online ICP-OES as no dilution by the bulk reservoir 

occurs. When conditioning the iron-free Ni99.99 electrode, Fe is suggested to be incorporated 

from the electrolyte. This incorporation could not be properly detected by ICP-OES but it seems 

to occur during the OER. Incorporated Fe might be stabilized in the Ni (hydr)oxide when cycling 

to lower potentials between –0.35-0.5 V during the conditioning procedure and when cycling 

for an extended period with either potential window. This stabilization possibly occurs due to 

the formation of Ni(OH)2 during conditioning. Without this stabilization, Fe is directly re-

dissolved after OER on the reductive sweep. During constant current operation, the Fe 
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dissolution/incorporation behavior at the anode cannot be resolved with an undivided EFC as 

the Fe ions are suggested to migrate to the cathode, concealing other effects. After CP, this 

deposited Fe at the cathode is released at OCP. During CV, the influence from CE processes 

could not be seen, suggesting that the metal deposition at the cathode is too slow to be 

detected on the timescale of the CV. 

 

Conclusion 

In this chapter, the induced surface changes by conditioning were characterized analytically 

by dcCV, FTacV, optical microscopy, SEM, EDX, XPS, FTIR spectroscopy, and ICP-OES. In 

chapter 5.2.1, it was demonstrated that the observed activation trends strongly correlate with 

the amount of formed Ni(OH)2. This supports the hypothesis that the activation trends result 

from a tailored growth of a (hydr)oxide layer. 

When comparing the conditioning of Ni99.99 and Ni70Fe30 between –0.35-1.6 V (with HER) and 

0.5-1.6 V (without HER) at 10 mV s-1, conditioning with the HER regime resulted in a more 

extensive electrochemical activation. Conditioning with the HER regime was, furthermore, 

associated with a macroscopic structure and color change (optical microscopy, SEM), a more 

substantial surface oxidation (EDX, XPS), a more significant Fe dissolution for Ni70Fe30 or 

rather Fe incorporation from the electrolyte for Ni99.99 (XPS, ICP-OES), and a larger 

M(OH):M(O) (XPS) and β/α-Ni(OH)2 ratio (FTIR). FTacV suggested that the conditioning 

including the HER regime decreases the apparent OER reaction rate due to the strong surface 

oxidation. The overall activation is then proposed to occur from an overcompensation by the 

large number of active sites created by conditioning. Regarding Fe incorporation into the Ni 

(hydr)oxide layers, ICP-OES revealed that Fe might be incorporated during the OER and 

stabilized by cycling to lower potentials (–0.35-0.5 V) and by cycling with either potential 

window for an extended period. Stabilization might occur due to the formation of Ni(OH)2 during 

conditioning. Overall, the analytical characterization of the surface changes of Ni99.99 and 

Ni70Fe30 suggests that the activation trends are dominated by forming a hydroxide layer with 

partly anhydrous and hydrous character. This hydroxide formation is accompanied by Fe 

dissolution and incorporation and a decrease in the apparent OER reaction rate, which is 

compensated by the large number of generated active sites. 

 

5.3. Electrochemical Conditioning at Industrially More Relevant 

Conditions 

In order to exploit the full potential of electrochemical conditioning as an electrode 

manufacturing technique, its in-situ application in the electrolyzer under industrial conditions 

needs to be addressed. By incorporating electrochemical conditioning into the ramp-up 

procedure of the electrolyzer, electrode manufacturing can be significantly simplified and 

applied more easily for electrode reactivation. This can potentially save electrode 

manufacturing and electricity costs and resources. Hence, as a first step, the electrochemical 

conditioning was herein tested under industrially more relevant conditions. To implement these 

conditions, a new EFC setup was developed, which is based on the flex-E-cell and described 

in detail in chapter 4.2.2. Several factors change when transitioning from the previously used 

iEFC at lab conditions to the flex-E-cell at industrially more relevant conditions. These changes 

involve scaling up from 1 cm2 to a 12 cm² electrode, employing separated anode and cathode 
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half-cells, operating in 30 wt% KOH at 80 °C, utilizing higher current densities during the 

activity determination, and using mesh electrodes. In the following, these changes are 

systematically investigated. In all cases, conditioning was performed using the optimized 

protocol, applying potentials between –0.35-1.6 V at 100 mV s-1 for 30 min. 

First, the conditioning of a 12 cm2 Ni70Fe30 plate electrode in the flex-E-cell, with and without a 

separator, is compared to the conditioning of a 1 cm2 Ni70Fe30 plate electrode in the iEFC, as 

seen in Figure 5.40. The activation at 10 mA cm-2 is comparable for the 1 cm2 (iEFC) and 

12 cm2 (flex-E-cell) electrode within the error range with 47±7 mV (1 cm2, iEFC) and 46±3 mV 

(12 cm2, flex-E-cell). This proves the scalability of the electrode activation by electrochemical 

conditioning and indicates a similar activation, i.e. surface oxidation, per cm2, corresponding 

to a similar homogenous current and potential distribution across the electrode. Interestingly, 

the activation achieved by conditioning does not seem to be influenced by the various other 

changes introduced with the new setup. These changes include e.g. a different electrode 

contacting method, a longer RE capillary, altered flow conditions such as larger dead zones, 

higher flow rates, greater flow pulsation, and more difficult electrode polishing due to the 

increased electrode size. The insensitivity of the electrode activation to those changes 

suggests that the electrode contacting in the flex-E-cell seems to sufficiently supply the current 

without taking part in the reaction, and the potential is precisely controlled over the entire 

electrode by the RE. Further, the insensitivity of the electrode activation to the altered flow 

conditions is in line with the tested flow rate variation in the iEFC discussed in chapter 5.1.5. 

Figure 5.40 also demonstrates the influence of separating the anode and cathode half-cells by 

a separator on the activation. The activation for the divided flex-E-cell with 44±2 mV is 

comparable to the undivided one with 46±3 mV. This first test indicates that the separator can 

withstand CV cycling and ensure a fast current supply. It further suggests that activation is not 

significantly influenced by processes and cross-contamination from the cathode. 

 

Figure 5.40. Activation of Ni70Fe30 by conditioning between –0.35-1.6 V at 100 mV s-1 for 30 min (46 cycles) in the 

undivided iEFC (1 cm2) and the flex-E-cell (Design PLATE, 12 cm2) with and without separator. 

Experiments were conducted in 1 M KOH at RT. Flow rates of 3 mL min-1 (iEFC) and 80 mL min-1 (flex-

E-cell, per half-cell) were applied. The potentials recorded in the flex-E-cell are not IRu corrected. 
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Industrial AWE is performed at current densities up to 1 A cm-2 in highly concentrated 

electrolyte with 30 wt% KOH, and at elevated temperatures of 80 °C. Thus, as a second step 

toward industrially more relevant conditions, the influence of conditioning on the activity 

determination at elevated current densities of 100 and 500 mA cm-2 is analyzed for a Ni70Fe30 

plate electrode, as shown in Figure 5.41. Additionally, this figure compares the activation from 

conditioning in 1 M KOH at RT with that obtained in 30 wt% KOH at 80 °C. 

 

Figure 5.41. Activation (–E at 10, 100, and 500 mA cm-2) of Ni70Fe30 by conditioning between –0.35-1.6 V at 

100 mV s-1 for 30 min (46 cycles) in the flex-E-cell (divided Design PLATE with separator, 12 cm2) in 

1 M KOH at RT and 30 wt% KOH at 80 °C. A flow rate of 80 mL min-1 per half-cell (i.e. 160 mL min-1 

total) was applied. The potentials are not IRu corrected.  

Figure 5.41 shows an activation of 44±2 mV at 10 mA cm-2 and 79±11 mV at 100 mA cm-2 

when conditioning in 1 M KOH at RT. In 30 wt% KOH at 80 °C, an activation of 52±3 mV at 

10 mA cm-2, 112±4 mV at 100 mA cm-2, and 159±8 mV at 500 mA cm-2 was observed. Hence, 

for both conditions, 1 M KOH at RT and 30 wt% KOH at 80 °C, Figure 5.41 shows that the 

activation is larger under high loads. This could hint at an improved intrinsic activity due to 

conditioning. However, an increased intrinsic would contradict the characterization by FTacV 

and previous works, which stated that the Tafel slope of the OER stayed constant or even 

worsened when conditioning Ni electrodes.[29,63,77] An alternative explanation could be that the 

OER follows a different reaction mechanism at higher current densities and that the E-I-

regimes for these different mechanisms do not match before and after conditioning. To fully 

understand the changing OER kinetics during conditioning, an in-depth analysis of the Tafel 

slope, the electrochemically active surface area, and EIS would be required. However, for 

industrial applications, the key requirement is that activation at higher current densities 

matches or exceeds that at low current densities. This has been successfully demonstrated. 

Figure 5.41 further demonstrates that the application of industrial KOH concentration and 

temperature resulted in a slightly higher activation compared to 1 M KOH and RT. This might 

be because the higher KOH concentration and temperature favor thermodynamics and 

enhance the kinetics of the OER and surface oxidation, potentially also metal dissolution. Thus, 

the oxide layer might grow faster at these conditions, which aligns with previous works.[12,28,58,60] 

Previous works on oxide films on Fe, however, also mentioned that the oxide growth is faster 

inhibited in highly concentrated hydroxide solutions with respect to the number of performed 

10 mA cm 2

100 mA cm 2
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CV cycles.[12,28,60] This was possibly not observed here as too few cycles were conducted. 

While interpreting Figure 5.41, it needs to be noted that the electrode surface area was 

increased at industrial KOH concentration and temperature due to reduced sealing efficiency. 

This probably distorted the activation and conditioning parameters slightly since the applied 

current densities during conditioning and activity determination were lower than at lab 

conditions. For future investigations on how the temperature and KOH concentration affect the 

activation, further cell optimization is required.  

The final step in transitioning from the iEFC at laboratory conditions to the flex-E-cell under 

industrially relevant conditions involves evaluating the effect of electrode geometry on 

electrode activation, as shown in Figure 5.42. This is done by comparing the conditioning of a 

Ni mesh electrode to that of a Ni99.99 plate electrode. The 1 cm2 Ni99.99 plate electrode was 

measured in the undivided iEFC at lab conditions (1 M KOH, RT), and the 12 cm2 Ni mesh in 

the divided flex-E-cell at lab (1 M KOH, RT) and industrially more relevant (30 wt% KOH, 

80 °C) conditions. In Figure 5.42, it can be seen that the activation of the Ni mesh at lab 

conditions is much smaller with 6±1 mV compared to the activation of the Ni99.99 plate with 

35±7 mV. This might be due to pre-existing oxides on the Ni mesh from exposure to air since 

no polishing can be performed before the experiment. Also, the Ni current collector, which was 

exposed to the electrolyte, may have distorted the results and the conditioning since the 

potential distribution is unknown. Further, it is important to consider that the activation was 

defined at a current density calculated for the projected surface area, which is 0.625 times that 

of the geometric surface as estimated from the mesh geometry. Since Figure 5.41 indicates 

that the activation depends on the current density at which it is compared, the lower activation 

of the meshes could be due to an overestimation of the current density. Also, it needs to be 

noted that the Ni-mesh probably has a lower purity than Ni99.99. This should, however, only 

have a minor impact as the activation of Ni99.99 and Ni99.2 was similar in a previous comparison 

(see chapter 5.2.2). Comparing the activation of the Ni mesh at lab (1 M KOH, RT) and 

industrially more relevant (30 wt% KOH, 80 °C) conditions in Figure 5.42, the activation from 

conditioning at industrially more relevant conditions is superior to that at lab conditions. This 

trend aligns with the observations for the conditioning of the Ni70Fe30 plate electrode at these 

conditions in Figure 5.41, supporting the hypothesis that stronger surface oxidation and 

restructuring occurs in 30 wt% KOH at 80 °C with this conditioning sequence.  
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Figure 5.42. Activation of a 1 cm2 Ni99.99 plate and a 12 cm2 Ni mesh by conditioning between –0.35-1.6 V at 
100 mV s-1 for 30 min (46 cycles). The 1 cm2 Ni99.99 plate electrode was measured in 1 M KOH at RT 
at 3 mL min-1 in the undivided iEFC. The 12 cm2 Ni mesh electrode was measured in 1 M KOH at RT 
and in 30 wt% KOH at 80 °C at 80 mL min-1 per half-cell (i.e. 160 mL min-1 in total) in the divided flex-
E-cell (Design MESH, divided). The potentials of the flex-E-cell are not IRu corrected. 

Summarizing, the scalability of electrochemical conditioning was successfully demonstrated 

as the activation remained unaffected by scaling the electrode from 1 to 12 cm2. Introducing a 

separator showed that the separator could endure CV cycling and that activation is not 

significantly influenced by processes at the CE. Applying higher current densities during the 

activity measurements resulted in a significantly greater activation. The origin of this effect has 

yet to be determined, especially since others suggested a constant or worsening of the Tafel 

slope due to the conditioning of Ni in 1 M KOH at RT.[29,63,77] Activation from conditioning in 

30 wt% KOH at 80 °C was superior to that in 1 M KOH at RT, potentially due to increased 

surface oxidation. However, previous reports stated that increased KOH concentration and 

temperature can be disadvantageous in creating larger oxide layers.[12,28,60] This might be 

observed when conditioning for longer. Lastly, the conditioning of the Ni mesh yielded 

significantly lower activations compared to activating a Ni99.99 plate electrode. This most likely 

occurred due to the higher degree of surface oxidation before the experiment, an influence by 

the backplate during the conditioning, and an overestimation of the current density in activity 

determination.   
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6. Conclusion 

To increase cost and resource efficiency for large-scale green hydrogen production by AWE, 

the development of cost-effective, active, and stable electrodes for the alkaline OER is of 

utmost importance. This work addressed this challenge in three steps. First, an EFC was 

designed for the simultaneous activity measurement of electrocatalysts and downstream 

analysis of the electrolyte, which was herein termed iEFC (= electrochemical flow cell suitable 

for in-situ downstream electrolyte monitoring). In comparison to the previously reported iEFCs, 

the herein-designed one enables the characterization of new electrocatalysts' activity and 

stability under industrially more relevant conditions, i.e. 1 cm2 parallel and planar electrodes. 

Second, the electrochemical conditioning of Ni-(Fe)-based electrodes was examined in this 

iEFC as a tool to (re)activate electrocatalysts for the alkaline OER. Electrochemical 

conditioning was identified as a promising technique to not only lower the required cell potential 

for the AWE but also make the anode manufacturing process significantly simpler and more 

versatile, saving resources, electricity, and production costs. Thus, electrochemical 

conditioning was herein systematically investigated by correlating electrode activation, surface 

changes, and electrochemical conditioning parameters. Finally, to get one step closer to 

industrial application, the electrochemical conditioning was scaled up and tested under 

industrially more relevant conditions, i.e. application of a separator, an electrode area of 

12 cm2, 30 wt% KOH, and 80 °C. 

For the design of the iEFC, a precise activity determination over a wide potential range and 

minimal dilution of reaction products with a restricted volume flow needed to be ensured. This 

was realized by minimizing the reaction volume over the WE and the inhomogeneities of mass 

transport of the reactive species to the WE (research question 1.1). Thus, when working with 

this iEFC, the influence of mass transport on the activity determination can be neglected and 

the kinetic current can be determined with >95% accuracy (=KL slope) in the mixed-kinetic-

mass-transport-limited regime with the KL relation (research question 1.2). This was 

validated by simulations and experimental KL analysis. The key design features of the iEFC 

include parallel 1 cm2 electrodes, a parallel and uniform flow velocity distribution over the WE, 

an electrode spacing of 1-3 mm, and a tilted angle of 60-120° between the inlet and outlet 

channels. When investigating AWE electrocatalysts at industrial electrolyte concentration and 

temperature, the iEFC needed to be adjusted for efficient gas removal and material stability 

(research question 1.4). During the design of this iEFC, valuable insights could be gained, 

which are of great importance for the future design of such specialized EFCs. First, precise 

and fast potential control in an EFC with narrow and winded channels can be ensured when 

the projection of the RE’s capillary onto the WE intersects with a region of parallel and 

equidistant current and potential lines between CE and WE. Additionally, WE and CE are to 

be in direct sight of one another (research question 1.3). Second, the surface area of the WE 

and CE can be accurately defined by embedding (research question 1.3). 

With this iEFC, the electrochemical conditioning of Ni-(Fe)-based electrodes to enhance the 

alkaline OER was investigated. Indeed, conditioning showed an outstanding and long-lasting 

impact on their electrochemical activity. To gain a deeper understanding of the occurring 

activation, the correlations between electrochemical conditioning parameters, surface 

changes, and activation were systematically investigated for Ni- and Ni-Fe-based electrodes 

with Ni:Fe ratios in the optimum regime. All materials showed similar trends between activation 

and conditioning parameters, suggesting a common activation mechanism and guidelines 
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(research question 2.2). Precisely, when aiming for the most significant activation, 

conditioning is to be performed by CV with a high upper (1.6 V) and a low lower  

(–0.35 V) potential limit, a slow scan rate (≤100 mV s-1), and many cycles (≥ 200) (research 

question 2.1). Conditioning for a fixed time identified a trade-off between efficient activation 

per cycle and the number of cycles. Thus, the optimum scan rate varies depending on the 

available time. Out of the tested parameters, the choice of the potential limits was the most 

significant to maximize activation. However, an increase of the potential limits beyond the 

herein-tested limits needs to be considered carefully, not only for safety reasons, but also since 

too high currents and stress are hypothesized to be disadvantageous for the activation. These 

correlations between electrochemical conditioning parameters and activation can now be used 

to tailor the oxides of any pre-catalyst to (re)activate them and exploit their full potential. By 

studying Ni as Fe-incorporating material and Ni-Fe electrodes with the Ni:Fe ratio in the 

optimum regime as a material, which incorporates or dissolves Fe only minimally, a wide and 

important material class was covered. The importance of this material class is highlighted by 

the Ni:Fe ratio often being reported as activity determining factor for OER electrocatalysts. 

Thus, since both, Ni as well as Ni-Fe-based, electrodes showed similar activation trends, the 

transferability of these activation trends to any Ni-based pre-catalyst is suggested to be very 

likely. This is further supported by the works from other groups, which found similar activation 

trends for Ni, Fe, and steel electrodes. When transferring these activation trends to different 

Ni-based pre-catalysts, it is hypothesized that while the overall activation trends remain similar, 

the importance of certain parameters, such as the scan rate, will vary. For non-Fe-containing 

electrodes (i.e. Ni), it was found that the importance of the scan rate to obtain a high activation 

is increased, with a lower scan rate being more beneficial for the activation. Also, for oxide 

catalysts the importance of a lower scan rate is proposed to be increased. On the contrary, for 

Fe-containing electrodes (i.e. herein: Ni-Fe alloys), the importance of the scan rate is 

decreased.  

It appeared that the primary reasons for these correlations between activation and conditioning 

parameters are surface oxidation and enlargement (research question 2.3). Based on the 

characterization of the resulting oxides after conditioning, to achieve the greatest activation, a 

thick (hydr)oxide layer with a high M(OH):M(O) ratio needs to be produced, with the character 

of the Ni(OH)2 phase (α or β) being of secondary importance. The correlation between the 

Ni(OH)2 phase and the activity or activation could not be clearly deduced and needs further 

investigation. For non-Fe-containing electrodes (Ni), the oxide layer thickness is especially 

sensitive to the scan rate likely due to a kinetically limited Ni(0) to Ni(OH)2 oxidation. If an 

anhydrous rigid oxide is present as a pre-catalyst, a low scan rate is also suggested to be more 

beneficial for the activation since the rigid oxide will require restructuring, which is likely 

kinetically limited. In addition to the oxide growth during conditioning, Fe is incorporated for 

non-Fe-containing electrodes and dissolved for Fe-containing electrodes. Since both, Fe 

incorporation for non-Fe-containing electrodes (Ni) as well as Fe dissolution for Fe-containing 

electrodes (Ni70Fe30), were closely linked with the Ni(OH)2 formation, the correlation between 

activation and Fe incorporation or rather dissolution could not be differentiated from the relation 

between Ni(OH)2 formation and activation. Online ICP-OES coupled to the iEFC (research 

question 1.5) combined with XPS identified that more Fe is incorporated for Ni or rather 

dissolved for Ni70Fe30 with increased Ni(OH)2 formation. Such an increased Ni(OH)2 formation 

and Fe incorporation (Ni) or rather dissolution (Ni-Fe) is the case when cycling for example to 

lower potentials and including the HER regime. Online ICP-OES further showed Fe 
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incorporation to be a slow or even mass-transport-limited process and Fe dissolution a 

comparable fast one. Hence, slow scan rates are more important for the activation of non-Fe-

containing electrodes. The role of the electrolyte’s Fe content in causing differences in 

electrode activation was, however, found to be minor under the herein-tested conditions 

(research question 2.2). When the Fe concentration in the electrolyte was higher than approx. 

110 ppb, changes in the Fe concentration had no significant impact on the potential or 

activation of Ni99.99 and Ni70Fe30. From this, a stable dynamic Fe equilibrium and a constant 

thick Ni(OH)2 layer as a host for Fe incorporation at the different Fe concentrations can be 

concluded (research question 2.2). These correlations between conditioning parameters and 

surface changes contribute to a deeper understanding of the occurring processes during the 

conditioning of Ni-based electrocatalysts. This knowledge is considered essential for future 

catalyst design and tailoring. 

Having achieved a thorough understanding and optimization of electrode conditioning of Ni-

(Fe)-based electrodes in the iEFC at lab conditions, the next step was to transition toward 

industrial-scale implementation (research question 3.1). Hence, in this work, it was shown 

that the electrochemical conditioning can be performed at industrially more relevant conditions 

(flex-E-cell, separator, 12 cm2, 30 wt% KOH, 80 °C) with a similar or even higher activation 

than at lab conditions (iEFC, no separator, 1 cm2, 1 M KOH, RT). Further, since in industry 

higher current densities are applied during AWE, the effect of conditioning on the OER potential 

during electrolysis at higher current densities was tested. Increased activation was observed, 

which additionally supported the successful scale-up of electrochemical conditioning as an in-

situ electrode manufacturing technique. This first proof-of-concept brings electrochemical 

conditioning one step closer to industrial application, where it could save resources, electricity, 

and manufacturing costs. 

Overall, this work demonstrates that enhancing the OER efficiency through conditioning is vital 

for improving the catalysts' effectiveness throughout extended AWE processes. This 

underscores the critical role of conditioning in catalyst preparation and electrochemical 

characterization. 
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7. Outlook 

In this work, the electrochemical conditioning of Ni-(Fe)-based bulk electrodes was 

systematically investigated in a self-designed iEFC and scaled up to industrially more relevant 

conditions. While working on these topics and gaining valuable insights, a few challenges 

remained open, and new research questions arose. Figure 7.1 shows an overview of these 

open research topics, grouping them into the coupling of the iEFC with ICP-OES, the 

understanding and transferability of electrochemical conditioning, and the industrialization of 

electrochemical conditioning. 

 

Figure 7.1. Schematic outlook of this thesis, defining the research topics that emerged from this thesis in the fields 
of coupling the herein-designed iEFC with the ICP-OES, understanding and transferability of an 
electrocatalysts’ electrochemical conditioning for the alkaline OER, and industrialization of the 

electrochemical conditioning.  

First, an iEFC was designed in this work to enable the characterization of the electrocatalytic 

activity of new electrocatalysts with online electrolyte monitoring under industrially more 

relevant conditions. These industrially more relevant conditions refer to 1 cm2 parallel, planar 

electrodes and parallel flow to the electrodes, representing unique features compared to the 

previously reported iEFCs. Further, the iEFC was successfully linked with ICP-OES to monitor 

the electrolyte concentration online in 1 M KOH at RT while studying the activity and stability 

of electrocatalysts for the alkaline OER. Interesting insights on potential-dependent Fe 

dissolution and incorporation during CV cycling of a Ni99.99 and Ni70Fe30 electrode could be 

gained, but some methodologic challenges remained. First, metal dissolution or incorporation 

at the electrodes could only be determined for the anode and cathode together. Ideally, the 

anode and cathode chambers would be separated, allowing their separate investigation. This 

is detrimental to an increased understanding of the occurring electrode processes. Second, 

reproducibility was sometimes limited by a shifting baseline, gas bubbles, and a low signal-to-

noise-ratio. One explanation for the baseline shift is a temperature change in the plasma 

related to a varying flow rate due to prolonged tubing from aging, more salt residues at the 

torch and cone, gas bubbles, or fluctuations in the ventilation. The low signal-to-noise ratio 

could be due to the high salt concentration of the electrolyte in combination with unoptimized 

plasma settings. Hence, optimization potential is apparent. Since high reproducibility is crucial 

for correct data interpretation, a systematic investigation of the causes of irreproducibility and 

the low signal-to-noise ratio is required. Optimization potential could be e.g. introducing a 

baseline recording of at least 30 min at the beginning and end of the experiment, incorporating 
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a bubble trap to remove as many bubbles as possible, and adding an internal standard, that 

behaves similarly to the element of interest regarding plasma temperature changes. Going one 

step further, the herein-designed iEFC coupled to ICP-OES can be used in the future to 

investigate the OER catalyst’s stability at an industrially applied concentration (30 wt% KOH) 

and temperature (80 °C). However, since the ICP-OES can only endure salt loadings up to 

20 wt%, a dilution of the outlet stream from the iEFC needs to be implemented. For that, the 

following questions need to be addressed step-by-step: What dilution is necessary to record 

Fe-concentration changes with an acceptable signal-to-noise ratio, and do the plasma settings 

need to be adjusted accordingly? Can the dilution and, thus, the KOH concentration, be kept 

constant over an extended period of time under the influence of a varying gas evolution and 

tube aging? How can a suitable calibration be performed? By answering these questions and 

performing the required adjustments, the gap between industrial AWE and academic research 

can be reduced, significantly enhancing the importance of online ICP-OES. By being then able 

to simultaneously study the electrocatalysts’ activity and stability under industrially more 

relevant conditions (1 cm2 parallel, planar electrodes with parallel flow and separator, 30 wt% 

KOH, 80 °C), the highly interesting question of why many electrocatalysts perform well at lab 

and worse at industrial conditions can be addressed.  

The herein-developed iEFC was used in this work to systematically investigate the correlations 

between conditioning parameters, activation, and surface changes for Ni-(Fe)-based bulk 

electrodes. While activation was strongly correlated with an increase of the Ni-hydroxide layer, 

the role of its phase character was not 100% clear. The hypothesis was that the Ni(OH)2 phase 

character is of secondary importance for the electrode activation and activity. Interestingly, it 

was further observed that the Ni(II)/Ni(III) redox peaks of a Ni electrode behave differently 

depending on the amount of Fe in the electrolyte, suggesting that different Ni-phases are 

formed. With no Fe in the electrolyte during conditioning between –0.35-1.6 V, only one phase, 

potentially β-Ni(OH)2, formed. At medium to high Fe concentrations, two to three peaks were 

visible, respectively. This raises the questions: Which phase or phase mix is more active when 

compared in an electrolyte with the same Fe content? How can these phases be tailored by 

an interplay of the electrolyte’s Fe-concentration, scan rate, and potential window? These 

questions can be addressed by a systematic parameter variation of the Fe-concentration, scan 

rate, and potential window during conditioning coupled with a post-characterization by FTIR 

and XPS. Knowing which phase forms at what conditions and how that is correlated with the 

activity is vital to tailor other Ni-based catalysts for such a phase change and activity boost. 

This understanding would, further, significantly improve efficient catalyst design. Even more 

so, if the relations between intrinsic activity and the number of active sites were known 

precisely. In this thesis, the hypothesis was established that the apparent reaction rate 

decreases or stays constant, but the number of active sites increases during conditioning. This, 

however, did not fully align with the lowered slope of the galvanostatic i-E-curve by 

conditioning. Thus, it would be interesting to study whether the same i-E-slope occurs when 

performing a potentiostatic measurement instead of galvanostatic. As the FTacV suggested 

the intrinsic activity loss due to conditioning, these results need to be questioned as well and 

supported by additional experiments. Such experiments include e.g. performing the 

electrochemical sequence with FTacV replaced with the respective dc equivalent and 

performing FTacV only after the entire sequence. To further validate the increase of active 

species and decrease of intrinsic activity, the electrochemically active surface area (ECSA) 

needs to be determined and the activity has to be normalized to it. To answer these questions, 
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detailed Tafel, EIS, FTacV, and ECSA analyses are required. Ideally, this profound 

understanding of electrochemical conditioning of Ni-(Fe)-based electrodes and the induced 

surface changes can be used, in the next step, to tailor specific surface changes and the 

respective activation for any Ni-based pre-catalyst. 

Indeed, based on this work, the herein-observed correlations between conditioning 

parameters, activation, and surface changes can already be tested for other electrocatalysts. 

If this is done systematically for different elements and multi-element electrodes, one can 

investigate whether those elements show similar activation trends, suggesting a common 

activation mechanism, and obtain a conditioning library for various materials and element 

combinations. Here, machine learning approaches can be applied to find a suitable protocol 

faster. This approach can also enlarge the pool of protocol parameters that can be tested, incl. 

testing potential switching instead of cycling and combinations of different parameter sets. It 

needs to be noted that when expanding the parameter space, industrial relevance needs to be 

considered, i.e. the scan rate increase is limited and when increasing the potential limits further 

into the HER and OER, mixing of H2 and O2 could become critical. The material screening and 

the obtained conditioning library would not only contribute to a deeper understanding of how 

certain elements and their combinations activate, but it would also be essential for the research 

community to estimate which activation protocol could be best suited for their electrocatalyst. 

Going one step further, an interactive tool to find a suitable conditioning protocol depending on 

the elements present in the catalyst could be implemented. In addition to variations of the 

conditioning parameters to enhance activation, the addition of additives in the ppb range could 

also be an interesting alternative. Here, the activity gain and stability for different additives 

would need to be tested systematically. 

Based on this, successful activation of any Ni-based pre-catalyst is anticipated to be possible, 

exploiting their full potential. During AWE, these will, however, likely deactivate, potentially due 

to oxide restructuring, phase changes, metal dissolution, or deposition at the electrode. To not 

invest in an activation technique, whose effect can not be maintained long-term, the 

deactivation mechanisms are of great interest to be investigated by long-term measurements 

at high current densities, accelerated stress tests, and spectroscopic analysis. After 

deactivation, conditioning might again be a suitable tool for reactivation, which could be very 

promising for industry to prolong the electrode’s lifetime. Thus, it is very important to investigate 

whether the electrodes can be reactivated and under what conditions, including clarifying 

whether reactivation depends on the type of deactivation. 

With such a well-understood and established conditioning of electrodes, the next step toward 

application is the industrialization of the process. For the industrialization of electrochemical 

conditioning as an electrode preparation technique, the currently potential-based protocols 

need to be transferred to current-based protocols, and depending on the cycling parameters 

the mixing of H2 and O2 needs to be investigated and circumvented. Industrial electrochemical 

conditioning can theoretically be applied as an ex-situ and in-situ electrode preparation 

technique. The advantage of ex-situ application is, for once, that the process parameters, such 

as the KOH concentration, additive, and temperature, can be adjusted more flexibly than for 

in-situ application. Here, a process parameter optimization is still required. Another advantage 

is that the implications of conditioning on the other cell components are not as decisive. For 

ex-situ application, it still needs to be clarified whether the conditioned electrodes retain their 

electrocatalytic activity during storage, and if so, under which conditions. In-situ conditioning 
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in a full cell, on the contrary, has the promising potential of simplifying electrode manufacturing 

and reactivation one step further and, thus, saving manufacturing costs. For in-situ 

conditioning, it is then important to study what happens at the cathode and the separator. If 

the cathode or separator is degrading, in-situ conditioning will not be suitable. Degradation of 

the cathode can occur by e.g. metal dissolution/deposition or surface restructuring. The 

separator might degrade by an increase of pinholes, ripping, gas cross-over, or property 

changes. Further, conditioning could affect the electrolyte quality by increasing or decreasing 

the metal ion concentration when recirculating the electrolyte. This might pose an additional 

challenge as industrial AWE electrolyzers are often tied to a certain electrolyte quality. If a 

purification system would be needed, the overall cost-effectiveness of this in-situ technique 

needs to be re-evaluated. In any case, it is absolutely important to investigate these 

phenomena, especially during long-term operation (> 100 h). If the cathode and separator do 

not degrade, the next question to answer is how in-situ conditioning can be applied in an 

electrolyzer stack. Questions to clarify would be: If an entire stack is conditioned, are all single 

cells activated similarly? How would stray currents evolve and interfere with the conditioning 

and the stack activity? How fast is the response time of an electrolyzer, does it differ from a 

single cell? How can single cells be controlled and conditioned within a stack? Lastly, it needs 

to be evaluated what the investment and operating costs of this technique are for in-situ and 

ex-situ application. If all of these research questions are answered, electrochemical 

conditioning might be able to be applied industrially to Ni-based electrodes to boost their 

activity and potentially make electrode manufacturing simpler and more agile. Thereby, 

electrode manufacturing and electricity costs and resources could be saved.  
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9. Appendix 

9.1. Experimental 

Chemicals, materials, devices, and software 

Table S1. Materials and chemicals, utilized for the experiments. 

Name Material Manufacturer/ 

Ordered from 

Purity/ 

Specification 

Application 

Ag-plated Cu wire Ag on Cu BKL electronic 
(Conrad) 

n.a. Electrode 
contacting 

Al-slurry Al2O3 Buehler n.a. Polishing 

Ar gas Ar Air Products 99.99% Electrolyte purging, 
ICP-OES 

AR-H1  n.a. Keyence n.a. 3D-printing 
material 

AR-M2  n.a. Keyence n.a. 3D-printing 
material 

Cu tape (25 mm x 
10 m) 

Cu Conrad n.a. Electrode 
contacting 

DLP HI TEMP 300-
AMB  

n.a. 3D Systems n.a. 3D-printing 
material 

Ethanol C2H5OH Th. Geyer 99.8% Cleaning 

Ferricyanide K3Fe(CN)6 Sigma-Aldrich 99% Simulation 
validation 

ICP-OES Iron 
Standard 

10,000 g mL-1 

Fe in diluted 
HNO3 

Agilent 
Technologies 

ICP-026 ICP-OES standard, 
adjusting c(Fe) in 
electrolyte 

ICP-OES Wavelength 
Calibration Solution  

50 mg L-1 Al, 
As, Ba, Cd, Co, 
Cr, Cu, Mn, Mo, 
Ni, Pb, Se, Sr, 
Zn, 500 mg L-1 
K in 5% HNO3 

Agilent 
Technologies 

6610030000 ICP-OES 

HClO4, 
RotipuranSupra 70% 

HClO4 Carl Roth n.a. Electrolyte 

Hg/HgO RE  

 

Hg/HgO ALS RE-61AP RE 

Hg/HgSO4 RE  Hg/HgSO4 ALS RE-2CP RE 

Kapton tape Polyimide MaoXinTek 
(Amazon) 

n.a. Defining electrode 
surface area 

KOH pellets KOH CHEMSOLUTE 
(Th. Geyer) 

≥85% Electrolyte 

Lacomit varnish & 
remover 

n.a. Agar Scientific 
Ltd. (Plano) 

n.a. Defining electrode 
surface area 
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Name Material Manufacturer/ 
Ordered from 

Purity/ 
Specification 

Application 

miniRHE  H2/H+ Gaskatel Length: 3 cm, 
4 cm 

RE 

N2 gas N2 Air Products 99.99% Electrolyte 
purging, ICP-OES 

NaOH flakes NaOH Carl Roth 98% Cleaning after 3D-
printing 

Ni mesh Ni De Nora n.a. WE 

Ni plate, 1 mm 
thickness 

Ni Goodfellow 99.0% WE 

Ni plate, 1 mm 
thickness 

Ni HMW Hauner 99.2, 
99.99+ wt% 

WE 

Ni rod (d = 4 mm) Ni HMW Hauner 99.99+ wt% WE 

Ni-Fe alloy plate, 
1 mm thickness 

Ni90Fe10, 

Ni80Fe20, 

Ni70Fe30 

HMW Hauner made from 
Ni99.9 and 
Fe99.99 

WE 

Ni-Fe alloy rod 
(d = 4 mm) 

Ni70Fe30 HMW Hauner made from 
Ni99.9 and 
Fe99.99 

WE 

PP, clear PP 3D-Printe 
(printing 
service) 

n.a. 3D-printing 

PTFE foil, adhesive  

(0.127 mm thickness) 

PTFE High-tech-flon n.a. Defining electrode 
surface area 

PTFE spray PTFE Ballistol n.a. Defining electrode 
surface area 

RGD 525-High 

Temperature 

n.a. Stratasys n.a. 3D-printing 
material 

Sandpaper 

(<5000 grit size) 

SiC wolcraft n.a. Grinding (electrode 
preparation) 

Sandpaper 

(5000-7000 grit size) 

SiC STARCKE 
(Hoffmann) 

n.a. Grinding (electrode 
preparation) 

Glassy carbon (plates 
[1 mm thick], rods 
[d = 1 mm]) 

C HTW SIGRADUR G WE, CE 

Ta, 0.5 mm thickness Ta HMW Hauner 99.9% Determining active 
surface area 

Tropicoat, Insulating 
spray 

n.a. ITW Spraytec n.a. Defining electrode 
surface area 

Ultrapure water H2O Purified with 
purification 
system 

Type 1, 
0.05 µS cm-1 

n.a. 
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Table S2. Materials used in the iEFC. 

Item Material Ordered from Application 

3D-printed EFC VeroClear RD810 
(Stratasys) 

AVT-3D-printing 
(Object Eden260VS) 

EFC top 

Adhesive tape (double-
sided, extra strong) 

n.a. tesa Embedding 

Brass rod (d = 4 mm) CuxZny Obi CE contacting 

CaldoFix-2 Resin & 
Hardener 

n.a. Struers 

 

Embedding 

 

Cu plate (0.5 mm) Cu Obi WE contacting 

EpoHeat CLR Resin & 
Hardener 

n.a. Buehler Embedding 

Flangeless PEEK fittings 
incl. nut, 5/16-24 flat 
bottom port, for 4 mm 
outer diameter tubing, 
XP-132 

PEEK VWR Tubing 

Flangeless PEEK fittings, 
1/2-20 flat bottom port, for 
1/4" outer diameter 
tubing, XU-655 

PEEK VWR RE (d = 6 mm) 

O-Ring, 1.5 x 5.5 mm, 
EPDM 

EPDM Landefeld RE (d = 6 mm) 

Screws (M5 x 50 mm 
DIN912) & nuts (M5) 

Steel (A2) SWG Schraubenwerk 
Galsbach  

Sealing EFC 

Silver Epoxy 8330-21G n.a. MG Chemicals Electrode 
contacting 

Tubing, dinner = 2 mm,  

douter = 4 mm 

PVC VWR Tubing 

Design A    

3D-printed WE holder (20 
x 25 mm) 

VeroClear RD810 
(Stratasys) 

AVT-3D-printing 
(Object Eden260VS) 

WE 

3D-printed EFC bottom 
(20 x 25 mm) 

VeroClear RD810 
(Stratasys) 

AVT-3D-printing 
(Object Eden260VS) 

EFC bottom 

O-Ring, 1 x 21 mm EPDM Landefeld Bottom to top 

UHU Plus sofortfest 
adhesive 

2-component epoxy 
resin 

Conrad CE 

Design B-D    

3D-printed EFC AR-H1 (Keyence) Rapidobject  EFC top 

3D-printed WE holder (20 
x 30 mm) 

VeroClear RD810 
(Stratasys) 

AVT-3D-printing 
(Object Eden260VS) 

WE 
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Item Material Ordered from Application 

3D-printed EFC bottom 
(20 x 30 mm) 

VeroClear RD810 
(Stratasys) 

AVT-3D-printing 
(Object Eden260VS) 

EFC bottom 

3D-printed CE-holder AR-M2 (Keyence) Rapidobject CE 

Nut (M10, DIN934) Galvanized steel Landefeld CE 

M16 3D-printed screw AR-M2 

(Keyence) 

Rapidobject CE 

O-Ring, 1.5 x 8.5 mm EPDM Landefeld CE 

O-ring 1 x 26 mm EPDM Landefeld Bottom to top 

 

Table S3. Materials used in the flex-E-cell. 

Item Material Ordered from Application 

3D-printed spacer  High Temp V2 resin 

(Formlabs) 

AVT-3D-printing (Form 
2) 

Spacer 

Ni foil, 0.1 mm Ni (99.2%) Metall Jobst Electrode contacting 

PTFE gaskets (0.5, 
1 mm thickness) 

PTFE S-Polytec Sealing 

Santoprene gaskets 
(0.5, 1 mm thickness) 

EPDM, PP AET Lézaud Sealing 

T-connector n.a. Landefeld Tubing 

T-connector insulation 
(tube diameter x 
isolation: 15 x 25 mm) 

n.a. WekoTrade 
(Isolierfuchs) 

Tubing 

Thermocouple type K PTFE Therma Thermofühler  Thermocouple 

Tubing C-Flex-Ultra (06434-
16) 

Cole Parmer Tubing 

Tubing insulation (tube 
diameter x isolation: 6 
x 13 mm) 

Kautschuk HiTemp & 
Solar EPDM 

Aeroflec Benelux B.V. 
(Isolierfuchs) 

Tubing 

Zirfon 500 UTP Pearl 
Separator 

Polyphenylene sulfide 
fabric coated with a 
mixture of a polymer 
and zirconium oxide 

Agfa Separator 
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Table S4. Utilized devices for the herein-conducted experiments. 

Name Manufacturer Specification 

3D PolyJet Printer Stratasys Object Eden260VS 

3D SLA printer Formlabs Form 2 

Cutting machine Cricut Cricut Maker 07002 

flex-E-cell FXC Engineering n.a. 

Heating plate VELP Scientifica (vwr) AREX-6 PRO 

Hot press VOGT Labormaschinen LaboPress P150H 

ICP-OES Agilent Technologies 5800 VDV 

Optical microscope Keyence Keyence VHX7000 

Oven LLG Lab-ware uniOVEN 42 

Peristaltic pump Cole-Parmer Instrument Masterflex L/S 07551-20  

+ 12-rolls-4-channel-pump-
head (MFLX07623-30) 

+ EasyloadII, model 77202-60 

Peristaltic pump Materflex (vwr) Ismatec Reglo Digital Pump, 4 
channels à 12 rolls (Ismatec 
78018-24) 

Polishing machine Struers  LaboPol-20 

Potentiostat Gamry Instrument 1010E, 3000 

Potentiostat Biologic VSP-300 

Potentiostat booster Gamry Instrument Reference 30k Booster 

Scale Mettler Toledo XA105 Dual Range 

SEM & EDX Hitachi Hitachi Schottky SU5000 
FESEM 

Torque wrench PROXXON MircoClick MC2 (0.4-2 Nm) 

Ultrasonicator EMAG Technologies Emmi-H30 

Water Purification Diret-Q 5 UV Water Purification 
System  

Merck KGaA 

XPS n.a. DAISY-FUN ultra-high vacuum 
cluster 
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Table S5. Utilized software for data generation and analysis of the herein-conducted experiments. 

Name Manufacturer Specification 

COMSOL Multiphysics COMSOL 5.6 

Echem Analyst Gamry Instruments <7.10.0 

Microsoft Excel Microsoft <2406 

Gamry Framework Gamry Instruments <7.10.0 

ICP Expert Agilent Technologies Version 7.5.3.11953 

Autodesk Inventor Autodesk 2019, 2021, 2023 

MATLAB MathWorks 2021b 

OriginPro OriginLab 2020, 2023 

Visual Studio Code Microsoft 1.91.1 

 

Conversion of potentials into RHE and SHE scale 

In this work, potentials were measured (meas) against a Hg/HgO RE (𝐸HgHgO
meas ) and a K2SO4-

saturated Hg/HgSO4 RE (𝐸HgHgSO4
meas ) and were converted into the RHE (𝐸RHE

meas) or rather SHE 

scale. The conversion into the RHE scale is done by correcting with the potential of the 

respective RE potential (Hg/HgO, Hg/HgSO4) vs. RHE (𝐸RE,RHE  
RE ): 

𝐸RHE
meas  =  𝐸RE

meas  + 𝐸RE,RHE  
RE = 𝐸RE

meas  + (𝐸RE,SHE  
RE − 𝐸SHE,RHE  

RE )  (9.1) 

The RE potential vs. RHE corresponds to the potential difference between the HER/HOR 

𝐸SHE,RHE  
RE and the RE reaction 𝐸RE,SHE  

RE  at the applied pH, electrolyte concentration, and 

temperature. For Hg/HgO, Hg/HgSO4, and the HER/HOR the Nernst equations are the 

following:  

𝐸HgHgO  
RE = 𝐸HgHgO 

0 − 
𝑅𝑇

 𝐹
∙  n

𝑎OH−

𝑎H2O

2

  (9.2) 

𝐸HgHgSO4  
RE = 𝐸HgHgSO4 

0 − 
𝑅𝑇

 𝐹
∙  n 𝑎SO4

2−  (9.3) 

𝐸SHE,RHE  
RE = 𝐸SHE 

0 − 
𝑅𝑇

 𝐹
∙  n

𝑎H+
2

𝑎H2O
2 ∙ 𝑎H2

=    V −  . 5 ∙ pH (9.4) 

To convert the measured RE potential into the SHE scale, the potential of the RE vs. SHE is 

added: 

𝐸SHE
meas  =  𝐸RE

meas  + 𝐸RE,SHE  
RE  (9.5) 
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It should be noted that the substitution from activities with concentration must be considered 

carefully and in concentrated solutions, deviations can occur. In 1 M KOH at 22 °C, 𝐸HgHgO  
RE is 

calculated to be 0.924 V, using the Excel spreadsheet tool by Hausmann et al.[136] Practically, 

the potential of the Hg/HgO redox couple vs. RHE, 𝐸HgHgO,RHE
RE , was regularly determined in 

1 M KOH at RT. It varied between 0.921-0.940 V. The standard potential of the K2SO4-

saturated Hg/HgSO4 was reported to be 0.64 V.[41] In this work, an empirically determined 

potential of 0.635 V was taken.  

 

9.2. Design of an Electrochemical Flow Cell  

9.2.1. Simulation and Experimental Validation of Mass Transport 

Model parameters and mesh independence study for COMSOL Multiphysics 

simulations 

Table S6. Model parameters for COMSOL Multiphysics simulations. 

Model parameter Value Unit 

Temperature 297 K 

Reference temperature 293.15 K 

Pressure 101325 Pa 

Initial fluid pressure  101325 Pa 

Fluid density  1000 kg m-3 

Dynamic viscosity of fluid 1.002e-03 Pa s 

Diffusion coefficient of active species 1.93e-09 m2 s-1  

Inlet concentration of active species 1.26 mol m3  

Exchange current density 1e-06 A m-2 

Symmetry factor 0.5 - 

Electrons transferred 4 - 

Faraday constant 96485 C mol-1 

Universal gas constant 8.3145 J mol-1 K-1 

Maximum triangular element size at electrode area 1.2e-05 m 

 

To exclude the influence of the mesh on the simulation results, a mesh independence study 

was performed for the final iEFC design. This was done by gradually decreasing the maximum 

element size of the triangular-shaped elements of the electrode area and evaluating the 

corresponding limiting current. The parameters of the free tetrahedral mesh were kept constant 
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and predefined as “normal” in the COMSO  Multiphysics interface. A plot of the limiting current 

as a function of the maximum element size for a 1 cm2 electrode can be seen in Figure S1.  

 

Figure S1. Limiting current depending on the maximum element size of the triangular-shaped meshing elements 
over the 1 cm2 electrode area of the final iEFC design. The maximum element size of the triangular 
elements at the electrode area was continuously decreased until the limiting current reached a limit 
at a triangular element size of 12 µm. 

The absolute value of the limiting current decreases with decreasing maximum element size. 

For an indefinitely small element size, the polynomial fit intercepts with the y-axis at a limiting 

current of 0.4 mA. The smaller the size of the elements, the higher the calculation time. Thus, 

a maximum triangular element size of 12 µm, resulting in a limiting current of 0.412 mA 

(deviation of 3% from the y-intercept), is used throughout the simulations as a trade-off 

between calculation time and accuracy.  
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Concentration distribution at the central x-y plane for the iEFC designs in Figure 5.4 

 

Figure S2. Concentration distribution at the central x-y plane of the herein-developed, preliminary flow geometry 
with different CWs of a) 2 mm, b) 1 mm, and c) 0.5 mm, complementing Figure 5.4. The inlet volume 
flow is 1.14 mL min-1 (for half of the inlet's cross-section), and the overpotential is 1.5 V. The channel 
height amounts to 1 mm, and the cell width is 2.5 mm (symmetry plane at 1.25 mm). The scale ranges 
from 0-1.26 mol m-3. 

 

Flow velocity distribution for the iEFC designs in Figure 5.5 

 

Figure S3. Flow velocity distribution at the central x-y plane of the herein-developed, preliminary flow geometry 
for an electrode length of a) 1 cm and b) 4 cm, complementing Figure 5.5. The inlet volume flow is 
1.14 mL min-1 (for half of the inlet's cross-section), and the overpotential is 1.5 V. The channel height 
amounts to 1 mm, and the cell width to 2.5 mm (symmetry plane at 1.25 mm). The scale ranges from 
0-27.5 mm s-1. 

  

  

  

mol m 3

  

  

mm s 1
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Polarization curves for the experimental validation of the Levich analysis for EFCs 

and the KL relationship 

 

Figure S4.  Polarization curves for the experimental validation of the Levich analysis for EFCs and the KL 
relationship recorded on different days (a-d). As a model reaction, the reduction of ferricyanide was 
investigated at different flow rates (0.5, 1, 1.2, 1.3, 1.4, 1.5, 2 mL min-1). As electrolyte 10 mM 
K3[Fe(CN)6] in 0.1 M HClO4 was used. For each flow rate, the electrolyte resistance was determined 
by EIS (10 - 300 000 Hz, 10 mV rms), and three LSV (0.79-0.01 V vs. RHE at 2 mV s-1) were recorded. 
Experiments were conducted at RT. 
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9.2.2. Adapted Design to Study the Alkaline Water Electrolysis  

Table S7. 3D-printing and embedding material screening for the application during CP at 100 mA cm-2 at 80°C 
and 30 wt% KOH in an iEFC, tightened by 0.8 Nm.  

Material Manufacturer Testing condition Weight 

loss /% 

Observation 

3D-printing     

AR-H1 Keyence CP at 100 mA cm-2 

for >10 h (30 wt% 

KOH, 80 °C) 

- No observable changes 

AR-M2  Keyence >24 h 30 wt% KOH, 

80 °C 

0.2 No observable changes 

CP at 100 mA cm-2 

for >10 h (30 wt% 

KOH, 80 °C) 

- Parts of the iEFC deformed 

during CP at 80 °C when a 

tightening force of 0.8 Nm 

was applied, resulting in a 

leakage 

Clear PP 3D-Printe 

(printing 

service) 

- - Fused Deposition Modeling 

3D-print: Too low resolution 

and deformable 

DLP HI TEMP 

300-AMB  

3D Systems >24 h 30 wt% KOH, 

80 °C 

2 An oily film formed (some 

material probably 

dissolved) 

RGD 525-High 

Temperature  

Stratasys >24 h 30 wt% KOH, 

80 °C 

58 Material dissolved 

VeroClear Stratasys Investigation of 

electrochemical 

conditioning in 1 M 

KOH at RT (see 

chapter 4.3.2 for 

conditions) 

- After 3D-printing, the 

determination of the 

catalyst’s activity in the 

iEFC was irreproducible 

during the first experiments. 

Oily film after experiment 

observed. 

Embedding     

CaldoFix-2 Struers >24 h 30 wt% KOH, 

80 °C 

- Becomes brittle and blurry 

EpoHeat CLR Buehler >24 h 30 wt% KOH, 

80 °C 

–0.4 No observable changes 
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9.3. Electrochemical Conditioning of Ni-(Fe)-based Electrodes at 

Lab-scale Conditions 

9.3.1. Optimization of the Electrochemical Conditioning of Ni70Fe30 as 

Model Electrode 

Activation of Ni70Fe30 in dependence on the change in oxide charge capacity of the 

reductive Ni(II)/Ni(III) peak 

 
Figure S5. Activation of Ni70Fe30, depending on the change in oxide charge capacity of the reductive Ni(II)/Ni(III) 

peak (1.2-1.5 V vs. RHE). The oxide charge capacity was determined by integrating the oxidative 
Ni(II)/Ni(III) peak for the activity CVs (1-1.6 V, 100 mV s-1) before and after conditioning. For the time-
resolved conditioning (–0.35-1.6 V, 100 mV s-1, 0.5-24 h), the conditioning CVs were evaluated. The 
conditioning sequences correspond to the conditioning sequences from Figure 5.17a, c), d), and 
Figure 5.19 (100 mV s-1). All experiments were conducted in 1 M KOH at RT. 
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9.3.2. Influence of the Fe content of the WE and the Electrolyte 

Potentials of Ni-(Fe)-based electrodes with varying Fe content 

 

Figure S6. Potential at 10 mA cm-2 of Ni-based electrodes with varying Fe content before conditioning. The tested 
electrode compositions were: Ni99.99, Ni99.2, Ni90Fe10, Ni80Fe20, and Ni70Fe30. The experiments were 
conducted in 1 M KOH at RT. 

 

Online ICP-OES spectra during conditioning of Ni70Fe30 

 

Figure S7. K and Fe concentration, measured by online ICP-OES, while conditioning Ni70Fe30 between a) –0.35-
1.6 V and b) 0.5-1.6 V. The electrochemical protocol consisted of an OCP, three CVs at 2 mV s-1, CV 
conditioning at 100 mV s-1 for 30 min, OCP, and lastly another CV at 2 mV s-1. In Figure a), a drop of 
the K baseline from before to after the first gas evolution is visible. Since this baseline drop cannot be 
seen for Fe, this is considered an artifact. This figure is also displayed in Figure 5.39a,b (Fe) and 

Figure S20 (K). 
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Chronopotentiometry for Ni99.99 anode at different Fe concentrations 

 

Figure S8. Potential at 10 mA cm-2 of Ni99.99 before and after conditioning in 1 M KOH electrolyte with approx. a) 
10, b) 110, c) 950 ppb Fe. Conditioning was performed between –0.35-1.6 V at 100 mV s-1 for 30 min 
(46 cycles). Only for 10 ppb Fe, electrode degradation is visible before conditioning. Note that jumps 
in the potential curves are due to gas bubbles and are not associated with degradation.  

 

9.3.3. Understanding the Electrode Material Changes Induced by 

Electrochemical Conditioning 

FTacV: Power spectra for conditioning between 0.5-1.6 V 

 

Figure S9. Power spectra from FTacV before and after conditioning Ni70Fe30 and Ni99.99 between 0.5-1.6 V at 
10 mV s-1. FTacV was performed between 1-2 V at 19.073 mV s-1 at a) 9 and b) 89 Hz. Experiments 
were conducted in 1 M KOH at RT.  
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FTacV: dc and harmonics for conditioning Ni between 0.5-1.6 V 

 

Figure S10. dc, fundamental (1st), 2nd-3rd harmonics from FTacV before and after conditioning Ni99.99 between 0.5-
1.6 V at 10 mV s-1. FTacV was performed between 1-2 V at 19.073 mV s-1 at a) 9 and b) 89 Hz. 
Experiments were conducted in 1 M KOH at RT. 

FTacV: Power spectra for conditioning between –0.35-1.6 V 

 

Figure S11. Power spectra from FTacV before and after conditioning Ni70Fe30 and Ni99.99 between –0.35-1.6 V at 
10 mV s-1. FTacV was performed between 1-2 V at 19.073 mV s-1 at a) 9 and b) 89 Hz. Experiments 
were conducted in 1 M KOH at RT. 
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FTacV: dc and harmonics for conditioning Ni between –0.35-1.6 V 

 

Figure S12. dc, fundamental (1st), 2nd-3rd harmonics from FTacV before and after conditioning Ni99.99 between  
–0.35-1.6 V at 10 mV s-1. FTacV was performed between 1-2 V at 19.073 mV s-1 at a) 9 and b) 89 Hz. 

Experiments were conducted in 1 M KOH at RT. 

 

Figure S13. dcCV (1-1.6 V, 10 mV s-1) of the FTacV experiment before and after conditioning of Ni70Fe30 between 
0.5-1.6 V at 10 mV s-1 for 46 cycles. Experiments were conducted in 1 M KOH at RT. 
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FTIR: Activity CVs before and after conditioning with and without the HER regime 

 

Figure S14. Activity CVs (1-1.6 V, 100 mV s-1) before and after conditioning of a) Ni70Fe30 and b) Ni99.99, which 
were characterized afterward by FTIR. Conditioning was performed between –0.35-1.6 V and 0.5-
1.6 V at 10 mV s-1 for 46 cycles in 1 M KOH at RT. Note that additional peaks might be visible since 
the 1 cm2 Ni99.99 or rather Ni70Fe30 plate electrodes were glued onto embedded WE of the same 
composition with Ag-containing conductive adhesive and removed after the experiment for 

characterization. 
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Microscopy images of electrodes after conditioning with and without the HER 

regime 

 

Figure S15. Optical microscopy images (a-f) at 20x magnification and SEM images (g-i) at 3,000x magnification 
showing the surface structure of Ni70Fe30 as blank (a, d, g), after conditioning between 0.5-1.6 V at 
10 mV s-1 for 46 cycles (b, e, h), and after conditioning between –0.35-1.6 V at 10 mV s-1 for 46 cycles 
(c, f, i). For the optical microscope images, two modes were used: full-ring illumination measured at 
an angle of 12° (mode 1: a-c) and coaxial illumination measured at a 0° angle (mode 2: d-f). Mode 1 
shows the color of the electrode on the left side of the image. This color is only visible due to the light 
reflection caused by tilting the microscope. Illumination from the top only shows a black color, as seen 
for the rest of the electrode. Mode 2 indicates the structural change. The color change can, here, not 
be seen as clearly. 
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EDX spectra of electrodes after conditioning with and without the HER regime 

 

Figure S16. EDX spectra for a-c) Ni70Fe30 and d-f) Ni99.99 as blank (a, d) and after conditioning. Conditioning was 
performed between 0.5-1.6 V (b, e) and –0.35-1.6 V (c, f) at 10 mV s-1 for 46 cycles. 
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xx 

XPS: Survey and C 1s XPS of electrodes after conditioning with and without the HER 

regime 

 

Figure S17. a) Survey and b) C 1s XPS spectra for Ni99.99 and Ni70Fe30 measured ex-situ before and after 
conditioning. Conditioning was performed between 0.5-1.6 V and –0.35-1.6 V at 10 mV s-1 for 46 

cycles in 1 M KOH at RT. 
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XPS: Activity CVs before and after conditioning with and without the HER regime 

 

Figure S18. Activity CVs (1-1.6 V, 100 mV s-1) before and after conditioning of a) Ni70Fe30 and b) Ni99.99 electrodes, 
which were characterized afterward by XPS. Conditioning was performed between –0.35-1.6 V and 
0.5-1.6 V at 10 mV s-1 for 46 cycles in 1 M KOH at RT. Note that additional peaks might be visible 
since the 1 cm2 Ni99.99 or rather Ni70Fe30 plate electrodes were glued onto embedded WE of the same 
composition with Ag-containing conductive adhesive and removed after the experiment for 

characterization. 
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xxii 

ICP-OES: K and Ni concentration during CP 

 

Figure S19. a) K and Ni concentration, measured online by ICP-OES, during a 30 min CP at 10 mA cm-2 and a 

30 min OCP afterward on Ni70Fe30 and Ni99.99. b) K and Ni concentration, measured online by ICP-

OES, during conditioning of Ni70Fe30 between –0.35-1.6 V at 10 and 100 mV s-1 and 0.5-1.6 V at 
10 mV s-1, followed by a CP at 10 mA cm-2 for 30 min. 
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ICP-OES: K and Ni concentration during CV with and without the HER regime 

 

Figure S20. K and Ni concentration, measured online by ICP-OES, while performing on Ni70Fe30 (a, b) and Ni99.99 

(c, d) first three analysis CVs at 2 mV s-1, a 30 min conditioning at 100 mV s-1, and again an analysis 
CV at 2 mV s-1. CV was performed between –0.35-1.6 V (a c) and 0.5-1.6 V (b, d). Experiments were 
performed in 1 M KOH at RT. 
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ICP-OES: Fe concentration during conditioning of Ni70Fe30 by CV without the HER 

regime 

 

Figure S21. Fe concentration, measured online by ICP-OES, while performing CV conditioning on Ni70Fe30 
between 0.5-1.6 V at 10 mV s-1 in 1 M KOH at RT. 
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